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ABSTRACT 
As global demand for food, fuel, and energy resources rise and concerns about climate 
change and the depletion of fossil fuels become more pressing; demand for renewable energy 
projects has grown. Thanks to related scientific developments, a variety of innovative conversion 
technologies is now available. As a result, tools that facilitate business evaluation across the 
multiple types of production systems are increasingly important to adequate planning and 
decision-making for investors and regulators working with renewable energy. 
This thesis contends that although business evaluation of renewable energy projects is 
complicated by numerous elements (some inherent to the environmental-component they 
present, and others to the highly integrated production chain they often constitute), the 
fundamental attributes that affect their financial and economical business performance aggregate 
on the capital level, in a tangible and measurable manner. While the business literature backs this 
suggestion for numerous industries, there is a lack of researches and investigative methods 
available in the field of renewable energy Thus; this thesis presents the foundations of an 
analytical framework with roots on business analysis through the exploration of financial ratios. 
More precisely, for comparing the alternatives, a systems-model approach is proposed for 
allowing uniform assessments of the utilization levels presented by the physical-assets existing 
within a given energy system, extending the conventional financial analysis of physical assets 
turnover to the particular needs of the energy industry. 
Although the propositions herein formulated are designed to be functional across most (if 
not all) renewable energy system, the focus of this thesis is biomass-based energy for: 1) The 
prominent contextual relevance these systems currently hold, 2) The broad and comprehensive 
producing chain they present (which is adequate for mathematical modeling), and 3) The 
inevitable need for research-scope. 
Empirical validation is then presented through the mathematical construction and 
microeconomic interpretation of three case studies. 
First, the Brazilian biomass-based renewable industry is assessed in terms of the levels of 
physical-assets performance it presents across three-defined ethanol production clusters. Results 
show similar levels of asset performance presented by the in-operation ethanol enterprises, 
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despite regional features influencing key-parameters of the proposed model, matching ex-ante 
expectations based on the regional policy-history of the industry. 
The second case study examines impacts in the performance of physical-assets that may 
result from technological advances in a given energy-production system. This case study uses 
cross-sectional data from surveys and interviews of agents working directly with grid-connected 
biomass-energy plants in Mato Grosso, Brazil.  Additionally, the case study presents regressions 
of the regional asset-cost plant-size relation. The results offer evidence that, ceteris paribus, 
reduction in the specialization of physical assets of the systems contribute to increased project 
viability by allowing increased capital efficiency. 
Finally, a comparison of the performance of physical-assets across various types of 
renewable energy technologies is presented, offering evidence that measurement of physical 
asset utilization may be successfully used to support comparison of alternatives in renewable 
energy.  
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CHAPTER 1: INTRODUCTION 
Renewable energy can be understood as naturally replenishable energy generated from 
environmental resources, such as sunlight, rain, wind, water tides, and geothermal heat. There 
are several ways this energy can be captured, converted and utilized for human needs. By using 
solar cells, for instance, radiant energy can be collected from the sun and converted into 
electricity, thus enabling its transmission by power-grid distribution lines. Through fermentation, 
biomass can be converted into liquid-fuels, enabling energy-storage in tanks and distribution via 
multiple transportation modes. 
The diverse ways which renewable resources can be collected, transported, and converted 
into different types of energy-products define the many existing energy production schemes - or 
systems, as they are here referred. They also enable an infinitude of applications, ranging from 
fueling cars to heating homes and powering industries (for an overview on renewable energy and 
comprehensive description of multiple production systems, please see Agbontalor, 2007; 
Capehart, 2007; Da Rosa, 2009). In addition, the various pathways for energy production give 
way to numerous related business opportunities. 
This Chapter introduces and contextualizes the growing importance of renewable energy 
for human development. It elaborates on the need for effectively inferring financial viability of 
renewable energy projects for successful business planning and investment decision-making. It 
also defines the research question, its motivations, as well as scope and objectives of this work. 
1.1 Growing Demand for Renewable Energy Projects 
Until the 1970’s, renewable energy systems were widely considered minor and declining 
power sources (Maugh, 1972). Since then, palpable advances in technologies to produce an array 
of renewable energy-products (see Pandey, 2009), together with the promise of jobs and of 
value-aggregation to rural activities (see Domac, Richards, & Risovic, 2005), “greatly 
contributed to revise this setting” (Cowan, 2002; Petroleum, 2009; Sims, Hastings, 
Schlamadinger, A. Taylor, & Smith, 2006), making renewable energy a valuable and viable 
power source. 
Changes in attitudes towards renewable energy began at a slow (but steady) pace, led 
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mainly by the successive development of South-Asia and South-America economies. 
Additionally, the recent instability and overall rise in fuel prices, amid concerns of climate 
change (Cox, Betts, C. D. Jones, Spall, & Totterdell, 2000) and of energy-insecurity, have led 
renewable energy systems to be “recognized as valuable alternatives for power generation by 
the developed world” (McKendry, 2002a; Sims et al., 2006). While policymakers have addressed 
these concerns by introducing legal and financial instruments supporting investments in 
renewable energy, capital-markets have also provided ample funding for related research and 
development. In 2008 the United States was the leading investor in renewable energy, putting 
almost US $25 billion into the sector, representing  20% of the total global investment that year.  
As a result of these changes, “for the first time in recent history both the U.S. and the European 
Union added more power capacity from renewable sources than from fossil and nuclear (energy) 
combined” (Petroleum, 2009). 
Such a boost for the development of renewable energy has not been limited to wealthy 
nations, however. Increasing demand for renewable energy is a worldwide trend that seems to be 
making the sector resilient enough to sustain a growing influx of investments, despite the current 
“unkind economic climate for businesses” (Nanto, 2009). Moreover, “stimulus” bills are 
spreading across the globe, supporting investments in renewable energy. 
“By early 2009, policy targets existed in at least 73 countries from which at least 
64 had policies to promote renewable power generation, including 45 countries and 18 
states/provinces/territories with feed-in tariffs” (REN21, 2009, p. 8). 
Consequently, related technological development has been intense and diverse, ranging 
from the exploration of innovative renewable resources to new conversion techniques. Such 
advances have accelerated the diffusion of these “alternative” energy systems, reducing costs, 
and enabling a range of scenarios for renewables; thus promoting a fast pacing expansion-cycle 
for the technology. 
Today, there is no shortage of interest and demand for renewable energy. Since 2004, 
global annual renewable energy investments have increased 400%, accumulating US $120 
billion in 2008. For example, solar photovoltaic capacity augmented six-fold to 16 gigawatts per 
year, and wind-power increased 250%, to 121 gigawatts. In the market of liquid-fuels, ethanol 
production doubled, reaching annual capacity of 70 billion liters, as biodiesel production jumped 
from 02 to 12 billion liters. Consequently, there was a relatively large increase in total renewable 
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energy production for the period - over 75% - to 280 gigawatts (see REN21, 2009). 
Despite such increase in energy generation, global demand is expected to continue 
increasing in the near future. A recent study by the U.S. Government (Clarke et al., 2007) 
forecasted that global annual energy-use could jump from 400 EJ in 2000 to 700-1000 EJ in 50 
years; reaching 1275-1500 EJ by 2100
1
. Hence, investments in renewable energy projects are 
expected to persist and, perhaps, increase (DC, 2003; Wright, 2006). 
1.2 Difficulties in Evaluating Project Viability 
Due to the growing demand for renewable energy, analytical frameworks for related 
project planning and decision-making are increasingly valuable. Understanding and comparing 
the various alternatives for production, in terms of business viability, across time, context, 
technology, and varying degrees of industrial maturity, has become vital for sound 
policymaking, investing, and decision-making. 
Legislators need to meld efficient policies for an uncertain future with changing 
technologies; investors need to decipher opportunities among the array of available resources and 
locations; scholars need tools to present important insights into the social and environmental-
welfare implications of the various alternatives. In practical terms, these same challenges are 
faced by financial analysts as they attempt to explain why some Midwest-U.S. maize-based 
ethanol businesses are facing bankruptcy (see VeraSun, 2008) while sugarcane
2
-energy systems 
in Brazil thrive and attract increasing investments (see Archer Daniels Midland Company, ADM, 
2008).  
However, there is currently a scarcity of analytical tools and methodologies for 
assessment and comparison of financial and economic viability across energy projects. The 
literature presents several elements for such scarcity. Various authors point out that analytics for 
exploring, comparing, and designing business-models for energy-related enterprises have been 
 
 
1 The corresponding numbers for the United States are forecast to 100 EJ per year in 2000, 120-170 EJ per year in 
2050, and 110-220 EJ per year in 2100. 
2 Saccharum spp. 
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traditionally difficult to shape due to complexities that are inherent to energy systems. In the 
words of Kavrakoglu (1987, p. 123): 
“Problems of technology selection and investment planning in the energy sector 
have always been extremely complex. There are certain fundamental reasons for this 
complexity. For one, the sector is highly integrated, as evidenced by the electricity grid, 
the networks of oil, gas, and coal pipelines. Secondly, the possible types of conversion 
technologies linking the resources to the products (fuels) are quite numerous. In addition, 
the magnitude of the expense involved (in related investments) can be very high.” 
Specifically, for renewable energy, scholars add that such complexities are convoluted by 
the many environmental facets typically built in to these systems, raising uncertainty, and thus, 
risk. Moreover, the considerable large number of possible permutations of the various resources, 
conversion pathways, transportation schemes, and applications complicate optimal project choice 
from cost and energy perspectives (Caputo, Palumbo, Pelagagge, & Scacchia, 2005; McKendry, 
2002b).  
These factors (also presented by McCormick, 2005), coupled with the problems of 
working with a “very young industry” (Altman, 2000, p. 30), contribute to make related policies 
shortsighted, and investments risky. They also make business experiences not directly 
exchangeable across time, places, and technologies. 
It is imperative for the academic community to address this paucity of information. 
Innovative ways to explore and understand renewable energy projects are needed to increase the 
likelihood of successful business implementation, investment decisions, and coherent economic 
planning. In the words of Read & Lermit (2005), regarding the development of the renewable 
energy sector: 
“The right path must be traced if we are to avoid serious negative impacts in 
terms of environmental and socio-economic issues.” 
Moreover, robust analytical frameworks are likely to help optimize resource allocation, 
and assist in the identification of challenges for business efficiency (as well as other sources of 
entrepreneurial-risk), guiding mitigation measures at the different stages of the production chain 
(see Carlos & Khang, 2009, p. 1). Likewise, strong foundations for planning and decision-
making could aid the renewable energy sector in weather the current global financial crises (see 
IEA, 2009). As recently expressed by the American Planning Association (2008, p. 3) regarding 
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the sector, “Success will require new policies and a bold new approach to planning.” 
1.3 Thesis Objectives 
This thesis contends that although business evaluation of renewable energy projects is 
complicated by many elements - some inherent to the environmental components they present, 
and others to the highly integrated production chain they may constitute - fundamental attributes 
that define financial and economic performance aggregate on the capital level, in a tangible and 
measurable manner. While the business literature backs this suggestion for number of industries, 
there is a lack of research and methods supporting this approach in appraising business-viability 
across projects in renewable energy. This thesis intends to address this gap in research. 
To explore impacts of physical-assets performance on business-viability, this thesis: 1) 
Proposes the foundations of an analytical framework (a “systems-model”) to enable 
measurements of physical-assets utilization across renewable energy systems; and 2) Applies the 
formulated propositions to case studies to empirically verify its soundness against ex-ante 
expectations based on a microeconomic interpretations of the considered ventures. 
The research question - if measurements of physical asset utilization can support business 
evaluation across different types of renewable technologies - is addressed through a systems-
model approach that mathematically reconstructs the flow of energy across the production chain 
in terms of energy output and its costs associated with immobilized assets.  
For the energy-output modeling undertaking, this thesis relies on the stylistic design of a 
broad and generic renewable production system, in terms of energy it derives and physical assets 
it requires. Ex-ante, the model is expected to enable the assessment of economic and financial 
project viability in a holistic systems fashion, capable of capturing fluctuations in asset-
efficiency throughout the production system. 
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1.4 Thesis Scope 
1.4.1 Dimensions of Business Viability Analysis 
Business decision-making is the process of sufficiently reducing uncertainty and doubt 
across alternatives to allow a reasonable choice to be made from the available options. “In the 
art of business start-ups, survival and prosperity is affected by a wide range of factors”. (A. 
Thompson, 2003a, p. 175). Some of these factors are evident or tied to well-known aspects of the 
commercial environment, but many others are elusive by their nature. For instance, the personal 
qualities of the entrepreneur may affect the success of a business. Due to elusive factors, few 
business decisions can be made with absolute certainty. Hence, assessing business viability can 
be a largely subjective process that varies for each venture or business under consideration. 
 Nevertheless, “the greater the alignment of the decision making with the functional 
enterprise framework then the greater the probability the decision made are correct” (Gofton & 
Ness, 1997; A. Thompson, 2003a; J. L. Thompson, 1995; Zikmund, 1997). 
In order to ensure such alignment, risk-takers rely upon multidimensional assessment 
frameworks for guidance. Within the context of business viability evaluation, assessment tools 
should not only “reflect the likelihood of the business venture succeeding, but also its ability to 
deliver the entrepreneurial objectives such as creating wealth” (see A. Thompson, 2003b; J. L. 
Thompson, 1995).  
While the scope of such tools can vary dramatically, the related business literature 
frequently emphasizes a few primary elements as essential for business evaluation: 1) Market 
Viability, 2) Technical Viability, 3) Business Model Viability, 4) Management Model Viability, 
5) Economic and Financial Model Viability, and 6) Exit Strategy Viability. 
The varieties of dimensions that influence a business evaluation analysis often make such 
analyses a multidisciplinary effort. However, the scope of this thesis will contribute primarily to 
a better understanding of the financial and economic dimensions of decision frameworks for 
renewable energy projects. 
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1.4.2 Fragmenting a Renewable Energy System 
Following the same reasoning presented by the work of several authors that have 
attempted to model net energy-output of an energy production system (see the list of assessment 
models presented on page 21), in order to compare renewable energy systems, it is best to view 
the process in generic steps/stages that constitute the basic process. Although every renewable 
energy system follows similar logic, starting with the capture or collection of energy from an 
environmental resource and ending with the consumption of a derived energy-product, they can 
differ greatly in terms of the elements they reveal. 
These distinctions can best be understood by viewing the generic renewable system as a 
six-step production chain, as defined below: 
1. Capture or Collection of energy from a renewable environmental resource (may include 
production and/or harvest of a raw material that embodies such energy); 
2. Transport of the raw energy-material to a Processing Plant / Transformation Unit; 
3. Processing / Conversion of the energy contained within the collected environmental 
resource to an energy-product (as electricity and liquid fuels, for example);  
4. Storage of the resulting energy-product in tanks, gallons or batteries, among others; 
5. Transportation / Transmission of the energy-product to consumers through trucks, 
pipelines, power-transmission lines, for example; 
6. Consumption of the energy-product by an end-user or application 
Although this abstraction fits most renewable energy production schemes, some may 
present unobservable or overlapping stages. Wind energy can be considered, for instance, to 
combine the second and third steps, as its raw energy-material (wind) does not need to be 
physically transported to the Processing Unit. To convey this idea, Table 1 presents a comparison 
of selected energy production schemes in terms of how well they fit the suggested fragmentation. 
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Table 1. Encompassment of Selected Energy Systems  
Stage 1: Stage 2: Stage 3: Stage 4: Stage 5: Stage 6:
Capture / Harvest / 
Collection from 
an Environmental
Energy-Resource
Pre-Conversion 
Transport of the 
Energy-Material
Processing 
Unit
Storage
Post-Transformation 
Transport / Transm. 
of the resulting 
energy-product
Consumption 
of the resulting 
energy-product
Biomass X X X X X X
Geothermal X X X
Hydroelectricity X X X X X
Solar X X X
Tides X X X
Wind X X X
Coal X X X X X X
Gas X X X X X X
Nuclear X X X X X
Oil X X X X X X
R
en
ew
ab
le
N
o
n
-
R
en
ew
ab
le
 
Note: Because biomass presents all of the stages that are also present on other energy systems, it is used by this 
thesis for the mathematical modeling of  a generic renewable energy system. 
While the method here proposed is formulated to be extendable to most (if not all) 
renewable energy systems, this thesis builds upon the study of biomass-based energy for the 
following reasons: 1) Their broad and encompassing production chain - as illustrated in Table 1; 
2) The prominent contextual relevance these systems currently hold; and 3) The inevitable need 
for research-scope. However, this thesis does not advocate for or against biomass-based energy. 
Figure 1, below, adapts the stylistic representation on Table 1 for the particularities of 
biomass-based energy systems. 
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Figure 1. Stages of a Generic Biomass-Based Renewable Energy System  
 
1.4.3 Overview of Biomass-Based Renewable Energy Systems 
Biomass refers to any organic matter available on a renewable basis, including 
agricultural feed and food crops, dedicated energy-crops and trees, aquatic plants, and rural and 
urban wastes, and residues (see IEA, 2005). 
There are several reasons for biomass-based energy to be considered relevant renewable 
technology by both developing and industrialized countries. As global demand for food, fuel, and 
energy resources quickly rise and concerns about climate change and of depletion of fossil fuels 
become more pressing, many experts are “urging the search and diffusion of new sustainable 
energy models” (Goldsmith, Rasmussen, Signorini, Martines, & Guimaraes, 2009; Lehtonen, 
2007). 
 The basic argument relates to the “enormous” (McCormick, 2005) amount of energy that 
this environmental resource, biomass, comprises. Numerous studies have assessed the total 
energy potentially available on a global scale from biomass. These studies indicate biomass as 
capable of playing a considerable role in future global energy-supply. Some of these studies even 
argue that biomass may represent the world’s largest sustainable energy resource, with over 
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4,500 EJ of possible annual production
3
 (Field, Campbell, & Lobell, 2008). In addition, “besides 
being one of the most abundant, biomass also can be considered one of the easily accessible 
renewable resource” (Hall & Scrase, 1998; Johansson, 2002; Smeets et al., 2004). For an 
extensive overview of such studies, see Berndes, M. Hoogwijk, & van den Broek, 2003. 
The conversion of biomass into other forms of energy
4
 can be achieved in several ways, 
enabling production through multiple pathways and to multiple fuel-types, such as biodiesel and 
ethanol. Hence, biomass may be used to meet a variety of energy needs, including generation of 
electricity, process-heat (for industrial activity), home-heat, and liquid transportation fuels 
(Voivontas, 2001),  potentially increasing energy security in regions without abundant fossil 
reserves. Additionally, its high biodegradability (Pandey, 2009), low sulfur, nitrogen oxides, and 
overall low greenhouse-gas emissions linked to its consumption (Demirbas, 2001), meet growing 
pressures for environmental sustainability in energy sources. 
For these reasons, there is significant motivation to promote and advance the transition to 
a sustainable energy-economy relying on biomass-based renewable technologies. In fact, next to 
hydro-energy, more power is already being produced from biomass than from any other 
renewable resource in the world (79%) (Petroleum, 2009). Opportunities for related investments 
in renewable energy projects are vast. While successful biomass energy programs can be found 
in Austria, Brazil, Denmark, Finland, and Sweden (Turkenburg, 2000), only 11% of the total 
global energy consumption currently derives from biomass. This share is even smaller within 
industrialized countries, representing only 3% (Petroleum, 2009). 
One of the most promising areas for biomass-based energy systems lies in the production 
of liquid transportation-fuels (Fulton, Howes, & Hardy, 2004; Grahn, Azar, Lindgren, Berndes, 
& Gielen, 2007; Mastny, 2006; Searcy, Flynn, Ghafoori, & Kumar, 2007). The transportation 
sector is currently among the largest consumers of fossil fuels and is one of the greatest 
contributors to environmental pollution. However, biomass-derived fuels present a readily 
available “clean-energy alternative” (Speight, 2008; Scurlock, 2005) that can be used in 
conventional combustion engines (requiring only minor adjustments). Moreover, Biomass-
 
 
3 In this study, marine resources are also considered. 
4 These are known as “bioenergy.” 
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derived fuels could easily be distributed through the already existent infrastructure. Therefore, 
the growing demand for biomass-based renewable energy projects and increasing interest on the 
business-potential should not be overlooked. 
1.5 Thesis Outline 
Chapter Two introduces and discusses the theoretical framework of this work, identifying 
and explaining difficulties, and disparities within the related literature, and elaborating on 
possible alternative approaches for resolution. 
Chapter Three details the mathematical propositions to support business evaluation of 
renewable energy projects. It reveals the basic underlying structure of a renewable energy system 
and describes the components of the proposed systems-model. 
Chapter Four provides an empirical application of Chapter’s Three propositions through 
the study of three biomass-based renewable energy production-clusters in Brazil. The sugarcane-
based renewable energy system was selected for three main reasons: 1) Its growing importance 
as a leader in renewable energy development; 2) Its suitability as an exemplar biomass-based 
energy system, and, finally, 3) data availability. Chapter Four also provides background 
information and motivations for the construction of the case study. 
Building on the intra-systems analysis / empirical application presented in Chapter Four, 
Chapter Five explores scenarios of technological changes to the biomass-based renewable energy 
system located in Mato Grosso, Brazil. Specifically, it elaborates on the effects of the 
introduction of flex-mill technology to the asset-performance (and, thus, business viability) of 
the production system. 
In order to provide an inter-system comparison of selected renewable technologies, 
Chapter Six contrasts energy production systems in terms of the relative levels of asset utilization 
they present, as measured through this work’s proposed method. 
Finally, Chapter Seven presents conclusions and implications of this work, describes 
identified limitations, and offers suggestions for future research.  
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CHAPTER 2: LITERATURE REVIEW 
This Chapter discusses the theory backing measurements of asset utilization as a reliable 
indicator for supporting business evaluation of projects in renewable energy. It presents the 
supporting literature to the industrial-sector and cements the propositions of this work. 
2.1 Challenges for Business Evaluation of Renewable Energy Projects 
Advancements on many fronts have improved economic and financial viability 
assessment methods for Renewable Energy Projects. These include, (but are not limited to) 
production costs (e.g. McAloon, F. Taylor, Yee, Ibsen, & Wooley, 2000); transportation costs 
(e.g. Batidzirai, 2005; Overend, 1982; Searcy et al., 2007); capital costs (e.g. Bridgwater & 
Double, 1991; Gallagher, Schamel, Shapouri, & Brubaker, 2006); resources availability (e.g. 
Graf & Koehler, 2002); environmental performance (e.g. Pimentel & Patzek, 2007; Taheripour, 
Hertel, Tyner, Beckman, & Birur, 2008; Von Blottnitz & Curran, 2007); regional socio-
economic development (Dumbleton, 1998; Herold, Madlener, & Scheuer, 2002; Madlener & 
Myles, 2000; Swenson & Eathington, 2006), and organizational costs (e.g. Altman & Johnson, 
2008). 
Regarding business development, several authors have focused on the selection of 
optimum energy-conversion pathways and identification of successful strategies for business 
design (e.g. Hamelinck & Faaij, 2006; Junginger et al., 2008). In that sense, full-systems 
approaches have also been attempted for evaluating relative performance of particular types of 
energy production-chains (Bridgwater & Double, 1991; Kerstetter, 2001). 
None, however, has successfully presented a simple, yet robust, framework for inferring 
and comparing economic and financial aspects of renewable energy projects affecting business 
viability across varying time, place, and technology. In fact, although there have been an 
increasing number of related studies, this literature seems to be moving towards greater 
specificity, regional focus, and complexity. Duff et al (2003), for instance, presented over 45 
criteria underlying the successfulness of a single class of renewable technology at the Pacific 
Northwest region of the United States. Other analogous studies have also indicated a large 
number of influential (and sometimes dynamic) factors underlying energy production. 
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As each energy system can present varied elements and extend across discrete sets of 
production stages (refer to Table 1, page 8), attempts to identify and understand the factors 
relevant to business performance have been continually complicated by: 1) their inherent 
complexity, and 2) subjectivity of previously conduced works. In addition, quantitative studies, 
those more common in capital analysis, have been conducted in dissimilar ways, with largely 
varying data quality and detail. 
While some authors have attempted to incorporate the influence of multiple factors 
defining the various possible production schemes (as land, yields, harvest techniques, costs, and 
technology levels), they invariably fail to offer the homogeneity and consistency of results 
needed for cross-comparisons of these systems.  
As a result, the literature provides a large range of conflicting results, often due to 
differing technical assumptions or poorly defined factors, the latter being especially common 
within research where environmental components are present. Consequently, how to best assess 
the many characteristics that define the economic and financial viability of the projects remain 
unclear. 
This problem bears further study, especially given that a significant number of newly 
founded firms fail within a short time (Coelli, Grifell-Tatje, & Perelman, 2002; Altman, 1968, 
2000; Lewellen, 2004; Nissim & Penman, 2001), not to mention the turbulence in the current 
global economic environment (IEA, 2009). 
It seems that investors and other decision-makers working in the sector have been lacking 
tools and reliable guidance for their work. The influence of project parameters on overall 
business-health remains unclear, as does the potential for better performance obtainable by new 
or improved technologies, reengineering, or scaling; hindering or complicating long-term 
planning, investment, and therefore, organizational advances. 
Two dynamics, nonetheless, can be recognized as constantly influencing financial and 
economic performance across the systems: 1) the intensity level at which the energy production 
system operates, and 2), its impacts in the levels of overall asset utilization. These two dynamics 
may offer a path to develop a potentially more instructive assessment instrument. 
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2.2 The Many Facets of Capital Configuration 
In the words of McCormick (2005, p. 5):  
“In some respects, there is a clash-of-paradigms about how to organize energy-
production systems.” 
While conventional production technologies, such as fossil and nuclear, are intense, 
large-scale, and centralized systems, renewable energy projects usually constitute small-scale, 
spatially distributed production chains, that frequently deal with resources and products that 
provide relatively low amounts of energy (Goldsmith et al., 2009). 
Several authors indicate that such characteristics play an import role in negatively 
affecting business performance of projects in renewable energy. Their reasoning is that, ceteris 
paribus, they strive to be competitive against their traditional counterparts as overall conversion 
efficiencies, scale, and costs “remain key criteria determining energy-ventures’ economic 
viability” (C. N. Hamelinck & A. P. C. Faaij, 2006; Roos, Graham, Hektor, & Rakos, 1999). 
Other factors also point to poor performance of renewable energy projects: Time constraints due 
to seasonality, for instance, make logistical operations, such as harvesting, transporting, and 
storing, “complex and expensive” (Overend, 1982; Searcy et al., 2007), or intermittent (Figure 
2), abating businesses capital performance. 
Figure 2. Seasonality in Output Presented by Solar Panels Installed in San Francisco, US 
 
Source: Anon., 2008. Note: The panels are rated at 122.72 kWp DC, and were installed on July 9, 2007. 
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This conclusion is supported by Da Rosa (2005, 2009): “This (biomass-based energy) is 
a prime example of practical energy process that, though extremely inefficient, is of commercial 
interests mainly because the economic (tolerate) and ecological aspects are favorable.” Figure 
3, below, compares renewables to fossils in terms of their intrinsic energy densities. 
Figure 3. Energy-Densities of Selected Renewable Biomaterials by Mass and Volume 
 
Source: Goldsmith et al., 2009; ORNL - Oak Ridge National Laboratory, 2009. 
Conversely, loss of business performance is not always straightforwardly verifiable
5
. 
Many renewable energy systems can benefit from being “closer to customers and therefore 
subject to smaller losses” (Farret, Simões, & Wiley, 2006). They can also benefit from using an 
already existent public-infrastructure such as: transmission power-lines, roads, and storage 
facilities. This practice reduces capital intensity, costs, and entrepreneurial risk. Often, these 
practices require less costly investments for business implementation, as their physical assets 
usually are not as specialized as their conventional/fossil counter-parts. 
 
 
5 As one would come to expect, less comparative advantage of these business would make them unsustainable on the 
long term, especially in market environment without subsidies or other forms of assistance. 
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Analysts working with renewable energy projects have had difficulty in understanding 
these complex relations. Tools that could enable such analysis across the technological 
alternatives are not readily available. Moreira (2006), for instance, presented a comparison of 
total energy that could be retrieved from biomass-based energy systems using different types of 
biomass and technologies. However, he did not link energy production to the total cost or 
business performance of the different systems. 
If these aforementioned trade-offs could be taken into consideration and quantitatively 
measured by an analytical tool specifically crafted for such purpose, minimizing the interference 
of insubstantial volatile parameters defining the systems, they would be expected, ex-ante, to 
contribute to the investigation and improvement of the viability of related energy-projects. 
2.3 Measurements of the Performance of Physical-Assets 
A financial/accounting ratio is a relative magnitude of two numerical values taken from 
an enterprise's financial statements (most ratios can be calculated from information provided by 
the financial statements)
6
 (Groppelli, 2000). Financial ratios are useful indicators of a firm's 
performance and financial situation. There are several types of financial ratios, which are often 
used in accounting, that try to evaluate the overall financial condition of a business. These ratios 
are used by managers of a firm, as well as by its current and potential shareholders, and by its 
creditors. In that sense, financial ratios quantify many aspects of a business and are an integral 
part of financial statement analysis. They can be used to analyze trends and to compare the firm's 
financials to those of other firms. In some cases, ratio analysis can predict future bankruptcy. 
Calculating and analyzing financial ratios is important from the perspective of being able 
to form a sound judgment regarding investments. They can perform as good indicators of the 
economic and financial viability of a business on the long run. Security analysts, for example, 
rely on financial ratios to compare the strengths and weaknesses across various companies. In 
 
 
6 Values used in calculating financial ratios are usually taken from the balance sheet, income statement, statement of 
cash flows or the statement of retained earnings (these comprise the firm's financial statements). The statements' 
data is based on the accounting method and accounting standards used by the organization. 
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addition to assisting management and owners in diagnosing the financial health of their 
company, ratios can also help managers make decisions about investments or projects that the 
company is considering to take, such as acquisitions, or expansion. For these reasons, investors 
usually scrutinize the balance sheet, income statement and the statement of cash flow with the 
hope of gaining valuable insight into a company's future performance. 
Among the possible financial ratios that can be calculated, asset turnover is well known 
to help measure the effectiveness with which the company/management uses its assets to 
generate sales or revenue. It measures the productivity of a company's assets, and is one among 
the set of financial metrics referred to as efficiency-ratios. A high asset turnover ratio is desirable 
as compared to a low ratio since the former is indicative of using company assets more 
effectively. It frequently symbolizes greater financial wealth. Companies with low profit margins 
tend to have high asset turnover, while those with high profit margins present low asset turnover. 
Total assets include current assets, fixed assets and intangible assets such as licenses and 
goodwill. Fixed assets entail huge initial investments that are undertaken with the hope of 
maximizing revenue. Hence, the fixed-asset turnover ratio is a better measure of operating 
performance as compared to the total asset turnover ratio. 
The amount of capital investment varies depending on the type of business. For instance, 
oil production, refining, and the telecommunications industry is highly capital intensive while the 
restaurant business is labor intensive. Fixed asset turnover ratio is more relevant for capital- 
intensive industries since the size of the fixed asset base depends on whether the process of 
production is labor intensive or capital intensive. In general, companies that are labor intensive 
have a higher fixed asset turnover ratio as compared to companies that are capital intensive. 
Ratios generally are meaningless unless they are benchmarked (either against past-
performance, to an industry or sector, or against another company). Thus, the ratios of firms in 
different industries, which face different risks, capital requirements, and competition, are usually 
challenging to compare
7
. 
 
 
7 It is important to mention that an impressive financial ratio in one industry might be viewed as less than impressive 
in a different industry. 
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“One should compare firms within the same industry rather than comparing them across 
industries to get a true picture of a firm's relative operating performance (Lyer, 2010). 
“It is fallacy to compare completely unrelated businesses” (Kennon, n.d.). 
Along with the asset turnover ratio, many other ratios have to be examined before 
deciding on whether to buy stocks or refrain from investing in a business. It should be noted that 
asset turnover does not look at how well a company is earning profits relative to assets. It only 
looks at revenues and not profits. This is the distinct difference between return on assets (ROA) 
and the asset turnover ratio, as return on assets looks at net income, or profit, relative to assets. 
Where asset turnover tells an investor the total sales for each $1 of assets, ROA tells an investor 
how much profit a company generated for each $1 in assets. 
Nonetheless, there are several indications as to why measurements of asset-utilization to 
support business evaluation of renewable energy systems may positively contribute to planning 
and decision making within the sector. Efficient use of assets has been identified as key-factor in 
defining robustness, competitiveness, and long-term viability of a business (Bender, Pappa, & 
Psarras, 2008; Coelli et al., 2002; Goldsmith et al., 2009; Nissim & Penman, 2001; Osteryoung, 
Constand, & Nast, 1992; Rozakis, Soldatos, Kallivroussis, & Nicolaou, 2001; Soldatos & 
Lychnaras, 2003). Asset performance is known to drive industrial-organization (Barney & 
Hoskisson, 1990; Sheth & Parvatiyar, 1992; Trostel & Nichols, 1982), and to influence firm’s 
exposure to risk (Bettis & Mahajan, 1985). In addition, asset performance positively influences 
the time to reach the “break-even point” and is a central tenet of managerial accounting analysis 
(Altman, 1968; Nissim and Penman, 2001; Coelli et al., 2002). It is no wonder why it has been 
considered one of the three most stable ratios associated with firm performance (Gombola and 
Ketz, 1983). 
Accordingly, measurements of asset efficiency have repeatedly been adopted across 
assorted industries to assist business design and decision making (Altman, 1968, 2000; Nissim & 
Penman, 2001; Osteryoung et al., 1992; H. D. Platt, M. B. Platt, & Chen, 1995; Rozakis et al., 
2001). The retail industry, for example, displays continuous efforts to maximize sales per assets; 
a classic example of capital utilization as proxy for overall business-health and performance 
(Booth & Hamer, 2007; Elliott, 1999; Gaur, Fisher, & Raman, 2005; Price, 1970).  For example: 
“Shelf facings for retailers are small pieces of real estate assets. Low margin 
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retail-products need high turns to justify the usage of the shelf space. Similarly high 
margin products are not as dependent on turns to provide high returns on assets” 
(Goldsmith et al., 2009). 
In terms of financial returns, higher net return for a firm can be generated by increasing 
margins or increasing asset turns (Nissim and Penman, 2001). That is, overall firm performance 
can be enhanced by increasing the quantity of margin from each sale, or, by increasing the flow 
of sales from each asset and vice-versa. As explained by (Goldsmith et al., 2009): 
“The lower the profit per dollar of assets, the more asset-intensive a business is. 
The higher the profit per dollar of assets, the less asset-intensive a business is. All things 
being equal, the more asset-intensive a business, the more money must be reinvested into 
it to continue generating earnings.” 
The question that follows is how to make such measurements possible for projects in 
renewable energy. This is especially difficult as several authors explain that effective appraisal of 
such projects ought to be based on “Integrated system analysis”, necessarily carrying to analysts 
the hardship of dealing with the many elements composing these systems (Batidzirai, 2005; 
Carlos & Khang, 2009; De Oliveira, Novaes, & Dechechi, 2003; Lejars, Le Gal, & Auzoux, 
2008; Soldatos & Lychnaras, 2003; Stadtler, 2008). In other words, these authors maintain that 
comparative analysis of energy systems can be biased if limited to a particular step (or stage) of 
the production process. The argument is that, while some steps of the energy system might 
present outstanding features for increased business performance, they must be considered as a 
mere component of the larger chain, which may not be economically or financially viable when 
considered in a holistic fashion. 
As discussed in Chapter One, the study of an energy system can be broken down into 
multiple stages (refer to Figure 1 “Stages of a Generic Biomass-Based Renewable Energy 
System,” page 9, discussed in Section 1.4.2). While such division is practical for stylistic 
representation, it complicates the design of analytical frameworks for measuring respective asset 
utilization. Within the context of this thesis, it implies that multiple measurements of the 
utilization of physical assets can be performed throughout the production ladder (one for each 
stage). Nonetheless, such an approach may make inefficiencies more easily identifiable. In fact, 
it might even be desirable, as many authors suggest that the exploration and cross-comparison of 
assets performance within an industry is only meaningful when a “holistic view of the producing 
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chain is kept” (Stadtler, 2008, p. 38). 
It must be said that although this work is heavily based on asset-turnover, due to the type 
of financial data that was found available on the energy-industry literature, there are many other 
forms of assessment of economic and financial viability of business. Investment appraisal is the 
planning process used to determine whether a firm's long-term investments such as new 
machinery, replacement machinery, new plants, new products, and research development 
projects are worth pursuing. It is budget for major capital, or investment, expenditures. Many 
methods are used in capital budgeting, including 1) Accounting rate of return; 2) Net present 
value; 3) Profitability index; 4) Internal rate of return; 5) Modified internal rate of return; 6) 
Equivalent annuity. These methods use the incremental cash flows from each potential 
investment, or project techniques based on accounting earnings and accounting rules are 
sometimes used such as the accounting rate of return, and "return on investment." Simplified and 
hybrid methods are used as well, such as payback period and discounted payback period. 
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CHAPTER 3: METHODOLOGY 
This Chapter discusses the theory supporting “systems modeling” approach for assessing 
the performance of physical assets across energy systems. It first presents difficulties identified 
in the related literature regarding modeling of renewable energy production-chains (Section 3.1) 
and then follows suggesting methods to circumvent them (Section 3.2). 
Each subsequent Chapter presents a case study applying the mathematical propositions 
that obtain empirical feedback and insights for comparative analysis of projects in renewable 
energy. This evaluation is performed by contrasting the results to ex-ante expectations based on 
microeconomic business theory. 
3.1 Systems-Modeling and Renewable Energy 
There are mainly three uses for a “systems modeling approach” 8 when applied for the 
study of business operations. They are: “understanding, assessing, and optimizing” (C. A. S. 
Hall & Day, 1977). Models are useful to provide a conceptual picture and insights into the 
workings of a complex system. Often, they can be constructed before any field or laboratory 
study has been conducted to “show the features that are most critical in determining system’s 
behavior” (Costanza, 2001). Later, with empirical measurements, they can test assumptions 
about the system. By predicting behavior, researchers are able to verify what conditions lead to 
optimal outcomes, identifying the key influential parameters of the system. 
“Over the last fifty years, the system dynamics modeling methodology has grown into a 
robust approach of simulation modeling” (Scheffran, Bendor, Wang, Hannon, & Boston, 2007). 
“The capabilities of this particular technique have proven to be very useful in aiding policy 
decisions in industrial, social, and scientific systems” (F. A. Ford, 1999; Forrester, 1961, 1991; 
Forrester & Warfield, 1972; Sterman, 2000). In the words of (A. Ford, 1997b): 
 “System dynamics has been used extensively to aid in resource planning in the electric 
 
 
8 See Ford, 1999; Sterman, 2000a, 2001 for a comprehensive overview on system dynamics methodology 
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power industry. The many applications constitute a major body of work that has proven useful to 
large and small power companies as well as to government agencies at the local, state and 
federal level. The work has been performed by utility analysts, government planners, consultants 
and academics”. 
While simple algebraic equations with spreadsheets “may be adequate for simple 
planning involving low levels of integration” (Jiao, Higgings, & Prestwidge, 2005), or for 
scenarios where there is a practical or small number of variables involved, the system dynamics 
modeling methodologies “are usually best suited for long horizon planning of highly integrated 
systems” (Gigler, 2002; Higgins, 2003; Rönnqvist, 2003). It also has the advantage of producing 
schemes easily explainable to a diverse audience (for an illustration, please see Figure 4, below). 
Thus, it is recognized as effective means of facilitating the development and improvement of 
production chains, “playing an increasingly important role in future planning and management” 
(Higgins, 2003). 
Figure 4. Stylistic Representation of a Model for Assessing Asset Performance of REPs 
 
Note: This figure is construct following ISEE Stella® Symbology and focus on energy production. 
For all these reasons, and due to the high-complexity that renewable energy systems offer 
(as discussed throughout Chapter Two), and difficulties that emerge when “integrated-systems 
understanding” is needed, the study of projects in renewable energy is “much facilitated by 
system dynamics modeling methodology” (Bender et al., 2008; De Oliveira et al., 2003; Mitchell, 
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2000). Accordingly, researchers have been developing and using such models for a range of 
applications relating to development and study of energy ventures, including “cost estimation 
and investment appraisal of (energy) production and conversion, for the economic analysis of 
renewable energy production” (Soldatos & Lychnaras, 2003, p. 2).  
While some of these models “are designed to capture logistics chain information, or to 
identify and disseminate best practices to individual chain links” (Wynne et al., 2004), others 
“mainly try to represent the physical system, sometimes including an economic component to be 
studied” (Salassi et al., 2002). See below, for list of systems-models commonly referred by the 
related literature for numerous kinds of applications. 
The review of models here presented conveys the importance of systems modeling for the 
study of renewable energy systems. 
AIP Agrosystems Integration Package: Model for assessing the energy potential for sorghum-based 
liquid-fuels (Woods & D. O. Hall, 1997); 
AUHDSS Aberdeen University Harvesting Decision Support System: Model for the development of wood-
fuel supply strategies; 
BEAM Bioenergy Assessment Model: Provides techno-economic assessment of bioelectricity generation, 
heat, and liquid fuels from a range of feedstocks and several conversion technologies. It is a model 
for cost analysis but does not perform investment appraisal of bioenergy schemes as the one 
suggested by this thesis (Madlener & Myles, 2000); 
BEAM3 Collection of Microsoft Excel modules: Each models the costs of a discrete part of an integrated 
renewable energy system (Madlener & Myles, 2000); 
BEAVER Biomass Economic Valuation and Evaluation Expert: Investment-appraisal model for the 
economic evaluation of harvesting biomasses (sweet sorghum, poplar, and willow); 
BEFAT Biomass Energy Flow Analysis Tool: Multidimensional model to analyze liquid biomass-fuels; 
BET Biomass Energy Technology: Model to Determine the best biomass energy technology for specific 
market scenarios; 
BIOBASE Model to Determine the biomass potential of residues for major agricultural crops; 
BIOBIL Model for calculation of mass and energy balances of biomass heating-plants; 
BIOCOST Bioenergy Crop-Production Costs Model: A model to estimate the cost of producing hybrid-poplar 
and switchgrass in regions of the U.S. (Madlener & Myles, 2000); 
BIOCOST  BIOCOST Model extended to Canadian conditions (Girouard, Walsh, & Becker, 1999); 
BIOLOGICS Model to Simulate and optimize the logistics of biomass-energy production; 
BIOMASS A model for the assessment of biomass energy projects; 
BIOPOWER Model for estimation of energy balances, capital, O&M, and costs for a range of fuels and power 
technologies (Wiltsee, Korens, & Wilhelm, 1996). 
BIOSEM Biomass Socio-Economic Multiplier: A model that tries to capture the employment and income 
effects of bioenergy project using the Keynesian Income Multiplier approach (Herold et al., 2002; 
Madlener & Myles, 2000; Dumbleton, 1998). 
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BIOSIMS Model to estimate the viability of woody biomass-derived fuels in Sweden (Parikka, 2000). 
BRAVO A GIS-based decision support system which calculates marginal cost of delivered wood chips to a 
specific location given road network maps and maps of prices and supplies of woody chips from 
short rotation forestry (Graham, 2000). 
CDSS Coppice decision support system: Model for economic appraisal of coppice production. A 
spreadsheet model that can be used to foresee costs of growing short-rotation coppices for UK 
settings (Mitchell, 1995a). 
CHDSS Coppice harvesting decision support system: Models the supply chain from the standing Coppice 
crop through harvesting, storage, and transport (Mitchell, 1995b). 
GLUE Global Land Use and Energy Model: Developed to evaluate the biomass-energy supply potentials, 
land use changes, and CO2 emissions in the world. (Hiromi Yamamoto et al., 2000). 
INSPIRE Integrated Spatial Potential Initiative for Renewables in Europe: framework for linking resource 
mapping with the economic assessment of biomass-based energy projects. 
MULTISEES Multi-dimensional decision tool for the analysis of integrated bioenergy systems in rural region in 
Southern Europe. The model covers the integration of four different biomasses: Cynara 
cardunculus, Miscanthus, Robinia, and Eucalyptus (Rozakis et al., 2001). 
RECAP Renewable Energy Crop Analysis Program: Model energy production from selected energy-crops. 
Calculates costs on production, harvesting, storage, transport, and energy conversion (Moore & 
Dury, 1996; Madlener & Myles, 2000). 
OTHERS A framework for economic analysis of biogas plants has been presented (Tara Chandra Kandpal et 
al., 1991). A review of forecasting models describing the behaviors of landfill-gas-producing sites 
had been presented by Gardner and Probert (1993). A comprehensive approach that considers fuel, 
and fertilizer relationships had been used to analyze the rural energy system of Karnataka. Tani E. 
Converse and David R. Betters (1995) used stepwise ordinary least-squares regression technique 
to develop equations to predict yields for short rotation black locust. Kimmins (1997) had 
discussed the second and third-generation hybrid simulation models FORECAST and FORCEE, 
which evaluate the sustainability of bioenergy plantations. Alam et al. (1999) had formulated a 
quantitative dynamic simulation model as a system study for rural household–biomass fuel 
consumption in Bangladesh 
As can be observed from this list, most of the research has focused on the daily logistics 
of the supply chain, with the aims of: 1) Reducing transport time and delays (Barnes, Meyer, & 
Schmidt, 2000); 2) Optimize processing (Teissier, Dagallier, & Rondeau, 2002); and 3) 
Dimension transportation fleet-size and other logistics-related equipment (Arjona, Bueno, & 
Salazar, 2001; Giles, Bezuidhenout, & Lyne, 2005). Several authors offer a partial overview of 
renewable energy systems (e.g. Arthur D. Little 1999; van den Broek et al. 2003; Van Zeijts et 
al. 1994) but only a few present the techno-economic performance of full-systems (Katofsky 
1993; Williams et al. 1995; Wooley et al. 1999). 
While the existing models carryout cost, technical, environmental, and social analysis for 
many types of renewable energy projects, none succeeds in presenting a framework for 
consistently comparing business viability across varying time, place, and technology. Roos 
provide at least one reason for this scarcity (2000, p. 333): 
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“Biomass fuel sources and conversion techniques are more often than fossil fuel 
systems dependent on local conditions concerning biomass feedstock supply and energy 
use. This restricts the applicability of a model that has been 'developed under one set of 
conditions to other situations.” See Figure 5, below. 
Figure 5. Ranges of Heat-Content Presented by Selected Types of Biomaterials 
 
Data Source: ORNL - Oak Ridge National Laboratory (2009). 
Note: Dry Weight Basis. 
Furthermore, some of the existing models perform simple cost estimation of the various 
renewable-technology schemes by adding up cost elements of the energy chain, while others try 
to estimate or predict net energy-production of the different alternatives. No author, however, 
provides tools for simultaneously measuring and inter-connecting these two parameters. 
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This thesis attempts to fill this gap by using the modeling methodology to make 
inferences about the performance of physical assets across systems.  
3.2 Analytical Framework 
In order to minimize the interference of subjectivity across analysis, this thesis 
specifically relies on measurements of the performance of physical assets through estimation of 
its total cost and of total energy output. Therefore, the framework is presented in two steps: 1) A 
systems-model for calculation of the energy that it produced or moved through the production 
chain - Section 3.2.3 - and 2) Estimation of the Cost of Physical Assets - Section 3.2.5. 
3.2.1 Energy Turnover 
As proposed by Goldsmith (2009), “Energy Turnover” (ET) is herein adopted as proxy 
for the level of utilization - or efficiency - displayed by physical assets (capital). It is the relation 
between energy and the underlying immobilized assets used by the production system to 
generate and/or move this energy from one link of the production chain to the next (through a 
defined period). Formally, it is the ratio of energy (E) to its underlying assets (A) in the form of 
energy (joules) to monetary units (dollars), as presented by equation (3.1). 
 
E
ET
A
  (3.1) 
Where, for a defined period: 
ET  
[Joules per 
Monetary Unit] 
Energy Turnover is the relation between energy and the underlying 
immobilized assets used to produce or move this energy; 
E  
[Joules] 
Total energy that is captured, produced or that flows throughout the system; 
A  
[Monetary Units] 
Total cost of immobilized assets needed to produce and/or move the energy. 
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3.2.2 Stages of Renewable Energy Systems 
As explained in Section 1.4.2 “Fragmenting a Renewable Energy System,” (see page 7), 
a renewable energy system can be arbitrarily broken-down into its composing stages (refer back 
to Figure 1 “Stages of a Generic Biomass-Based Renewable Energy System,” page 9). 
In order to define the energy-asset relation for each step of the energy system, let s denote 
the set of s* components, where each s represents one a stage of the production chain. Then, for 
each, we can calculate its respective Stage Energy Turn ( )sET  through: 
 s
s
s
E
ET
A
  (3.2) 
Where: 
sET  
[Joules per 
Monetary Unit] 
Energy Turnover at the production stage s: It is the proxy for the level of 
efficiency of the physical assets encompassed by the considered stage s. 
sE  
[Joules] 
Total energy that flows throughout through s 
sA  
[Monetary Units] 
Immobilized / Physical assets enclosed within the stage s 
Accordingly, the Overall-System Energy Turnover (OET) can be expressed as: 
 
 
 
*
1
*
1
s
s
s
s
s
s
E
OET
A





 (3.3) 
 28 
3.2.3 Modeling Energy Production 
A chicken-or-egg problem arises when selecting the origin for fundamental parameters of 
the system. For biomass-energy, in some circumstances, the Processing Unit is introduced to 
make use of raw materials traditionally available at a particular region. However, in other 
situations the construction creates market demand for these materials. Despite this dilemma, the 
Processing Unit offers the most logical starting point for the mathematical undertaking, as it is 
here understood as: 1) the most investment-dependent element of the system; 2) the least flexible 
component of the system; and 3) the element responsible for defining conversion technology and 
capacities. Hence, this thesis considers that some assumptions about the Processing Unit can be 
derived from defining key parameters. 
3.2.3.1 Stage 03 - The Processing Unit 
 “…from a holistic system perspective, the techno-economic performances of 
biomass energy production are characterized by the overall energy conversion efficiency, 
which dictates the required biomass amount for a given power output and, at the same 
time, is strongly dependent on the technology and plant-size.” (Caputo et al., 2005). 
Adopting Caputo’s view, the Processing Unit is simply modeled as a black-box having a 
transfer function between the input flow rate (kg ∙ year−1) of raw energy-material and total 
energy-output (joules), as stylistically depicted in Figure 6. Energy production is directly 
proportional to the amount of processed inputs, as well as the Low Heating Value (kJ ∙ kg−1) of 
its derived products, and conversion efficiencies of the considered conversion technologies.  
Mathematically, let i denote the set of biomass conversion-technologies existing at the 
Processing Unit. Thus, the following can be defined for each i:
 
iPTimeinOperation  
[# of days ∙ year−1] 
Operational Window Time (OWT) - Period in which the Processing Unit 
is theoretically available for processing the raw energy-material; 
iPFractionTime  Fraction of OWT defining when the Processing Unit is effectively 
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[percentage] functional (used, for example, to discount maintenance and bad-weather); 
iPDailyCapacity  
[metric tons ∙ day-1] 
Daily processing-capacity (of inputs) available at the Processing Unit 
As discussed by Reilly & Paltsev (2007, p. 2), the intrinsic energy of different 
renewable/environmental resources can vary substantially. In terms of biomass, vegetal-oil crops 
have considerably lower energy-yields (40-80 GJ/ha/year), compared to crops grown specifically 
for cellulose or starch production (200-300 GJ/ha/year). See Figure 5, “Ranges of Heat-Content 
Presented by Selected Types of Biomaterials,” page 25, for an illustration of different energy-
yields commonly obtained from selected types of biomasses. In order for such differences to be 
captured by the model, properties that define the intrinsic energy of the raw energy-material must 
be introduced. Likewise, the energy contained on the end fuel-product must also be considered. 
Therefore, the following definitions are used: 
iK  
[liters of energy-product ∙ 
metric tons of biomass−1] 
Conversion-rate of the raw energy-material to fuel-product enabled by 
technology i; 
iOlhv  
[Joules ∙ liter−1] 
Low Heating-Value
9
 of the derived energy-product 
Assuming these parameters are known, the total energy produced by the Processing Unit 
by using its technology i, for a given period, can be calculated as: 
 3i i i i i iE PTimeinOperation PFractionTime PDailyCapacity K O      (3.4) 
 
 
9 “The appropriateness of using LHV or HHV depends upon the application. For stationary combustion where 
exhaust gases are cooled before discharging (e.g. power stations), HHV is more appropriate. Where no attempt is 
made to extract useful work from hot exhaust gases (e.g. motor vehicles), the LHV is more suitable” (ORNL - Oak 
Ridge National Laboratory, 2009) . This thesis uses LHV for its calculations. 
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Accordingly, the total energy produced by the Processing Unit, by its technologies: 
 
*
3
1
( 3 )
i
s i
i
E E

  (3.5) 
Whatever the conversion technologies available at the Processing Unit, it is expected that 
each utilizes raw energy-materials (biomass/inputs) that the Processing Unit produces itself or 
contracts for delivery. Several reasons might lead the Processing Unit not to produce all of its 
inputs. For one, the marginal risk of controlling more than a certain fraction of the total 
production of its inputs might become too high. It might also become too costly to acquire or rent 
all the land needed for production. Although the reasons are not fully explored in this work, the 
empirical evidence of such behavior must be captured, as the number of associates will affect 
asset-cost estimation. For this reason, the Processing Unit’s and its suppliers farmlands are 
considered independently. 
The production of biomass for which the Processing Unit is responsible, can be 
calculated from three parameters, for each technology i: 
 i i i iPProduction POwnArea PYield PHarvEff    (3.6) 
iPOwnArea  
[hectares] 
Total area owned by the Processing Unit used for biomass production to be 
used by the technology; 
iPYield  
[tons ∙ ha-1] 
The yield obtained by the Processing Unit for production or collection of its i-
related raw energy-material; 
iPHarvEff  
[percentage] 
Efficiency of the Processing Unit harvest-technology for the i-related biomass; 
iPMec  
[percentage] 
Technology-level adopted by the Processing Unit - for estimating iPHarvEff . 
The interplay between PMec and PHarvEff must be considered by each study 
that makes use of these propositions. 
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Please note that PHarvEff and PYield are a function of PMec. Such relationship must be 
considered for each system under consideration. Assuming that these parameters are known, 
other stages of the energy system can be modeled in terms of assets A  and energy E , as required 
by equation (3.2). 
3.2.3.2 Stage 01 - Raw Energy-Materials 
As discussed in Chapter One, renewable energy systems begin with the capture or 
collection of energy from an environmental resource. For biomass-based energy, this happens 
with the capture of sunlight energy followed by its storage as chemical bounds within a given 
plant’s compounds. This step (photosynthesis) leads to the production of the raw energy-material 
(biomass) that is later converted by the Processing Unit into other types of energy-products. 
Effects of environmental variables may heavily influence renewable energy systems. 
Within the context of energy-capture, for biomass-based systems, they can affect the amount of 
energy available on harvest. The stochastic behavior of these variables causes a coherent 
mathematical attempt of modeling renewable energy projects to benefit from independently 
modeling each raw-material supplier. Accordingly, for each technology available at the Unit, the 
number of contracted suppliers for the delivery of raw energy-materials can be calculated as: 
 
( )i i i i
i
i i i
PDailyCapacity PFractionTime PTimeInOperation PProduction
n
RAvgFarmArea RAvgYield RAvgHarvEff
  

 
 (3.7) 
Where for each i-technology:  
iRAvgArea  
[hectares] 
Average regional farmland area for energy-crop production (size of a 
typical farm of a contracted supplier); 
iRAvgYield  
[metric tons ∙ ha-1] 
Average regional yield for energy-crop production (typical yield of a 
contracted supplier); 
iRAvgHarvEff  
[percentage] 
Average regional harvest-efficiency for the considered energy-crop; 
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iRAvgMec  
[percentage] 
Average technology level adopted by the regional biomass suppliers: It 
can be used for estimation of iRAvgHarvEfficiency ; 
Note that RHarvEff and RYield are a function of PMec. Such relationship must be 
considered for each system under review. 
Let’s now represent each supplier f of the set of f* raw energy-material inputs suppliers 
contracted by to the Processing Unit. The energy made available by each supplier can be 
mathematically modeled as: 
 , , , ,i f i f i f i fE S Y H LHV     (3.8) 
Where, for each i technology adopted at the Processing Unit 
,i fE  
[Joules] 
Total energy made available by the supplier f responsible for the supply of raw 
energy-material to the Processing Unit; 
,i fS  
[hectares] 
Total area designated to technology i for production of the energy-crop by the 
supplier; 
,i fY  
[metric tons ∙ ha-1] 
Yield obtained by the supplier for the production of the energy-crop; 
iLHV  
[Joules ∙ kg-1] 
Low Heating Value (or intrinsic-energy) of the Raw Energy-Material; 
From equations (3.7) and (3.8), we have that for each technology i, the total suppliers-
production of raw energy-material can be calculated through: 
 
*
, ,
1
( )
f
i i f i f f i i i i
f
RProduction S Y H n RAvgFarmArea RAvgYield RAvgHarvEff

        (3.9) 
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Thus, the total energy produced (or moved) throughout Stage 01 can be calculated 
through: 
 1 ( ) ( )s i i iE LHV PProduction RProduction     (3.10) 
Alternatively: 
 
1 , ,
1
( ) ( )
in
s i i f i f f iOwnArea iYield iHarvEfficiency
f
E LHV S Y H P P P

  
         
  
  (3.11) 
The choice between (3.10) and (3.11) is subjective to the model-user and can be 
dependent exclusively upon data availability. The difficulty of obtaining reliable data regarding 
individual farm production may make (3.11) more frequently suitable. 
3.2.3.3 Stage 02 - Pre-Conversion Transport 
In energy systems where the capture (or collection) of environmental-energy happens in a 
step physically separated from the Processing Unit, transportation of raw material is necessary.  
Although such energy is intimately tied by the model to the amount of inputs transformed 
by the processing unit, its underlying cost-structure can vary depending upon factors as the type 
of transportation modal adopted, for instance, (i.e.: pipelines, trucks, railroads); as well as 
distances, operation time, and intrinsic characteristics of the raw energy-material.  
Therefore, when creating this model, the elements that encompass all infrastructural costs 
(physical assets) associated with the logistics of supplying biomass to the Processing Unit (as 
machines, roads, and pipes, for example) should be taken into consideration. 
Biomass-energy transportation problems differ from traditional ones due to the biological 
element. A central Processing Unit that processes sugarcane 24 hours a day provides 
transportation from various points of harvest by means of a fleet of trucks, either purchased or 
rented. These trucks operate continuously throughout the harvest period. The majority of these 
units operate with a fleet of trucks of various types, each with different times and procedures. 
When the quantity of biomass delivered exceeds the momentary operating demands of 
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the plant, this excess is stored to compensate for occasional shortages, so that production can 
continue uninterruptedly throughout the day. However, the plant can only store a limited amount 
of raw energy-material, as it quickly starts to degrade, losing its energetic potential. 
 
2 ( (1 )
(1 ))
s i i
i
E LHV PProduction TSupplyLoss PDist
RProduction TSupplyLoss RDist
     
   
 (3.12) 
TSupplyLoss  
[percentage ∙ km-1] 
To determine losses “along the chains, due to dry matter losses, drying, or 
conversion” (C Hamelinck, Suurs, & A Faaij, 2005, p. 116); 
PDist  
[km] 
Distance from farmlands controlled by processing unit to processing facility; 
RDist  
[km] 
Distance from suppliers’ farmlands to processing facility; 
iLHV  
[Joules ∙ kg-1] 
Low Heating Value (or intrinsic-energy) of the Raw Energy-Material 
3.2.3.4 Stage 04 - Storage 
In storage, energy density relates the mass of an energy store to its stored energy. The 
higher the density, the more energy may be stored or transported for the same amount of mass.  
 4 ( (1 ))s i i iE QStorage Olhv QLosses      (3.13) 
Where:  
iQStorage  
[liters] 
Size of the reservoir available for the fuel storage; 
iOlhv  
[MJ ∙ L−1] 
Low Heating Value of the resulting energy-product; 
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iQLosses  
[percentage] 
Efficiency
10
; needed to discard losses (due to evaporation, or leaks, for 
example) 
3.2.3.5 Stage 05 - Post-Conversion Transport 
The assets involved in the transportation or transmission of the energy-product obtained. 
 5 3 (1 )s sE E TTransDist TTransLosses      (3.14) 
Where, for the type of adopted technology: 
TTransLosses 
[percentage ∙ km−1] 
Percentage of the energy lost during transportation - or efficiency of energy 
transmission (used to discount losses due leaks, and evaporation, for example); 
TTransDist 
[kilometers] 
Distance between Processing Unit and Consumers; 
3.2.3.6 Stage 06 - Consumption 
How efficiently energy is consumed by an end-user or application should be considered 
independently, as different applications will clearly offer varying overall performances. With the 
objective of studying Renewable Energy Projects, such analysis would only provide valuable 
insights if the studied energy-system was designed for an exclusive application. This may be the 
case for solar panels installed for providing energy for water pumps, for instance.  
Thus, this thesis does not model this stage of the energy production system for the 
construction of its case studies. Nonetheless, the efficiency of an entity (a device, component, or 
 
 
10 The useful energy obtainable by extraction from an energy-stock is always less than the energy put into it, as 
explained by the laws of thermodynamics. 
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system) in electronics and electrical engineering is defined as useful power output divided by the 
total electrical power consumed (a fractional expression). 
 
Usefulpoweroutput
Efficiency
Totalpowerinput
   (3.15) 
3.2.4 Schematic Representation 
Figure 6, below, presents a stylistic representation of the energy-assessment model, using 
the symbology recommended by ISEE Stella ® - standard for representing the elements 
composing a systems-model. 
Figure 6. Stylistic Representation of the Energy-Assessment Model Herein Proposed 
 
Note: This figure follows ISEE Stella® Symbology for Representation of Systems-Models. 
3.2.5 The Physical Assets 
Estimates of the size-cost for the renewable energy industry relation have been 
traditionally performed mainly by two methods: 1) Econometric estimation using cross-sectional 
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survey data, and 2) Direct cost evaluation based on synthetic engineering data. In the words of 
Gallagher (2005): “The main advantage for the engineering approach is that estimates can be 
provided where no operating process yet exists.” 
However, it is very difficult to find concise blueprints for projects in renewable energy. 
Therefore, to calculate costs of the physical-assets at each stage of a considered system, this 
thesis suggests regressions based on the closest data documented in the literature. Still, “The 
main concern about statistical estimation (for this application) is that it may be difficult to 
compare the costs of plants with different technology constructed at different times” (Gallagher 
et al., 2005). Nonetheless, as the propositions herein presented are intended to aid business 
evaluation of new projects, this work relies on cost-data for new investments to sidestep this 
trouble. 
The costs of the physical assets involved with energy-production are calculated by 
accounting for the capital cost for new equipment and infrastructure. Each stage of the energy-
production presents its own set of assets. Grid-connection costs, for example, are calculated for 
the transmission of the energy-product according to the involved distances and technology. The 
transportation-assets are a function of the quantity of biomass to be transported, daily 
requirements, and distances. In that sense, each Processing Unit is considered as situated along 
the nearest road (to avoid additional costs for road construction). Logistic assets, such as specific 
vehicle transport costs, vehicles capacity, specific purchased biomass costs, and distribution 
density, have been examined in function of plants-size. When blueprints or detailed data is not 
available, the best and most recent data documented on the literature is used through simple 
linear regressions to estimate the total cost of physical assets by allowing interpolation to the 
dimensions of the considered energy system. Accordingly, the following variables are herein 
adopted for dimensioning of costs: 
PDist  
[km] 
Distance from farmlands controlled by processing unit to processing 
facility; 
RDist  
[km] 
Distance from suppliers’ farmlands to processing facility 
iPOwnArea  
[hectares] 
Total area owned by the Processing Unit used for biomass production to be 
used by the technology; 
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iRAvgFarmArea  
[hectares] 
Average regional farmland area for energy-crop production (size of a 
typical farm of a contracted supplier); 
n  
[# number] 
Number of contract suppliers; 
iPDailyCapacity  
[metric tons ∙ day-1] 
Daily processing-capacity (of inputs) available at the Processing Unit 
TTransDist 
[kilometers] 
Distance between Processing Unit and Consumers; 
iPMec  
[percentage] 
Technology-level adopted by the Processing Unit - for estimating
iPHarvEff  
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CHAPTER 4: CASE STUDY A: THE BRAZILIAN ETHANOL 
4.1 Introduction 
As discussed throughout Chapter Two, while several authors agree that the level of asset 
utilization plays an important role in defining the economic and financial viability of a venture, 
by affecting business performance, there is a scarcity of tools and researches supporting or 
enabling such assessment for appraisal of projects in renewable energy. In order to fill such gap, 
a systems-model based on a biomass energy system is proposed in Chapter Three as a starting 
point for analysis. This section offers an empirical application of this proposition in order to test 
its ability to provide insights useful for business evaluation. 
4.1.1 Motivation 
As discussed, the global demand for renewable energy is likely to continue its growth in 
the near future, driven mainly by growing environmental and political pressures for sustainable 
energy-production, and concerns around the depletion of fossil reserves. Accordingly, Brazil, the 
world leader in biomass-based ethanol production
11
 (see Figure 7, below), is expected to 
maintain a fast-paced expansion of its renewable-energy industry. Projections show that 
renewable energy sources are likely to increasingly
12
 supply Brazil’s energy-needs, growing 
from  their current rate of 13% to over 30%, by 2020 (Matsuoka, Ferro, & Arruda, 2009, p. 376). 
Such growth requires high-levels of investment for the expansion of the industry in both 
the agricultural and industrial fronts. Hence, contributions towards a better understanding of the 
Brazilian system are becoming increasingly important for guidance of regional development. 
 
 
11 As of march 2009, there are 340 sugarcane-based ethanol plants operating in Brazil; an aggregated crushing 
capacity of approximately 550 million metric tons of biomass per year. 
12 It is set as a long-term goal of the Brazilian government. 
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Figure 7. World Five Largest Sugarcane Crushers 
 
Data Source: Brazil: Mapa/ACS (2009). 
Brazil is not only a major ethanol producer, but also an important exporter of the fuel 
(Figure 8). Brazil is also an important leader in the development of related technologies. In the 
words of Walter (2008): 
“Brazil has the lowest cost of production of ethanol and is so far the only country 
where biofuels are strictly competitive vis-à-vis oil derivatives”  
Studies that shed light in the Brazilian biomass-based renewable energy industry may 
additionally advance worldwide adoption of renewable-energy technologies, especially while 
Brazil’s success in biomass energy attracts considerable international interest as many nations 
look for alternatives to fossil-based fuels, eager to learn from the Brazilian experience. For 
several decades, Brazil has been conducting “the oldest, largest, most ambitious and most 
successful renewable energy programs in the world,” (Colares, 2008), attracting interest for its 
development program. However, little is known elsewhere about the particularities that make its 
production system competitive and successful. 
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Figure 8. Brazil: Total Exports of Ethanol-Fuel by Production-Origin 
 
Data Source: Brazil, Mapa/ACS (2009) 
For these reasons, and in order to test measurements of asset utilization in supporting 
project-viability analysis, this Chapter applies the proposed framework for studying three 
ethanol-production clusters located in Brazil. 
4.1.2 Background 
With 8.5 million square kilometers and over 190 million inhabitants, Brazil is the fifth-
largest political territory, comprising nearly half of South America, as well as the fourth-largest 
democracy (CIA, 2008). This tropical country is also major financial player, with one of the most 
modern and sophisticated industrial economies of the developing world - the tenth, at market 
exchange rates. 
Despite ranking as the world's 15th largest oil-producer
13
, advancing to become oil-
independent due to recent discoveries in fossil resources along its coast (see Mello, 2008), “few 
 
 
13 The largest oil discoveries in recent years have come from Brazil's offshore, pre-salt basins. 
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countries with reasonably good levels of industrialization and oil reserves have an energy matrix 
with such an important share of renewable energy sources” (Walter, Dolzan, & E. Piacente, 
2006).  
In this sense, Brazil has the world's first sustainable renewable-energy economy. For 
being one of the largest ethanol producers in the world
14
, and a growing exporter
15
 of the fuel, it 
has been referred as a “bioenergy-superpower” (M. Jones, 2008, p. 32). 
While sugarcane has been cultivated in Brazil since the 16
th
 century, “ethanol production 
remained as a minor activity until the 1970s, with the advent of the automobile industry and the 
introduction of the Brazilian National Alcohol Program” (Martines-Filho et al., 2006).  
“When in 1973 members of the Organization of Arab Petroleum Exporting 
Countries (OAPEC) proclaimed an oil-embargo in response to the United States decision 
to re-supply the Israeli military during the Yom Kippur war, the effects were immediate, 
as the price of oil increased fourfold by 1974” (Anon., 2009).  
At the beginning of the embargo, 45% of Brazilian energy came from oil, threatening 
economic growth and raising questions of national sovereignty. As a response, its government 
began promoting alternative energy-systems, initiating a nationwide program, known as 
Proálcool, designed to promote a transition away from fossil fuels to sugarcane-derived ethanol 
(Figure 9).  
 
 
14 Brazil is the 10th largest energy consumer in the world and the third largest in the western hemisphere, only 
behind the United States and Canada. 
15 Because ethanol production continues to grow faster than domestic demand, Brazil has sought to increase ethanol 
exports. Still, Brazil is the largest ethanol exporter in the world, holding over 90 percent of the global export market. 
Besides the United States, important export destinations include Europe and Japan. 
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Figure 9. Brazil: Brief Overview of the History of the Proálcool Program 
 
Data Source: UNICA - União da Indústria de Cana-de-açúcar, 2010. 
Officially, the program was terminated during the 90s, but in 2001, pushed by record-
high price-spreads between gasoline and ethanol, sales of neat-ethanol cars started to rise again, 
bringing renewed attention to the auto industry. Taking advantage of the market environment, in 
2003, the automobile industry introduced a “flexible-fuel technology” into the Brazilian market.  
The timing was proven perfect. The flexibility of the technology empowered consumers 
to choose fuel-type depending exclusively upon market prices, as the Brazilian flex-fuel vehicles 
are optimized to run from pure gasoline to 100% hydrous ethanol fuel (Budny & Sotero, 2007), 
making flex-fuel cars sales very successful (Figure 10). 
Figure 10. Brazil: Evolution of Car-Sales by Fuel-Type 
 
Data Source: Boletim Mensal Dos Combustíveis Renováveis, 2009. 
Note: Virtually all gas-exclusive cars currently sold in the Brazilian market corresponds to imported vehicles. 
The rapid adoption and “commercial success” of these vehicles, coupled with legislations 
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mandating blend of ethanol with gasoline products, boosted ethanol production and consumption 
to levels that had not been reached since the peak of the Proálcool Program (Figure 10, below). 
By the beginning of 2009, there were around 35,000 filling stations throughout Brazil; all 
offering at least one ethanol pump (Brazil, 2009a). 
The importance of ethanol to the Brazilian domestic transportation-fuels market is only 
expected to increase in the near future. The fuel already accounts for more than 50 percent of 
current light-vehicle fuel demand in Brazil
16
, and an increase to over 80 percent by 2020 is 
expected
17
. It is predicted that by then Brazil will be growing close to 14 million hectares of 
sugarcane, and more than a billion tons of the crop - 65 billion liters of ethanol (Figure 12). For 
possible scenarios of expansion for Brazil, see Milanez, Favaret Filho, & Barros, 2008. 
Figure 11. Brazil: Ethanol Production by Fuel-Class 
 
Data Source: Brazil, Mapa/ACS (2009) 
 
 
16  It is estimated that between 1979 and 2008 Brazil successfully reduced the number of vehicles running 
exclusively on gasoline by 14.5 million (ANFAVEA, 2008; Brazil, 2009f). 
17 In 07/2009, the licensing of flex-fuel vehicles accounted for 88% of total light-vehicles (Brazil, 2009f, p. 6). 
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Figure 12. Brazil: Choropleth Map of Sugarcane Production 
 
Source: IBGE, 2007. 
These numbers are supported by an environmental market sustaining high consumer-
price spreads between gasoline and ethanol (Figure 13). 
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Figure 13. Brazil: Average Consumer-Price Spread between E25 and E100 for 2008-2010 
 
Source: Adapted from Ortiz (2010). 
4.1.3 Objective 
The case study presented here aims to empirically verify the ability of the asset-
utilization measuring methodology suggested in Chapter Three (providing insights or 
contributions to knowledge relevant to business evaluation of Renewable Energy Projects). As 
the application requires a comprehensive understanding of the cost structure of the Brazilian 
renewable energy industry (see Section 3.2.4), it is also expected to provide an econometric 
assessment of the size-cost relationship for the Brazilian ethanol industry. 
Please note that only the stages of the production chain concerned with the collection of 
raw energy-material, its transportation to the Processing Unit, its conversion into an energy 
product, and its storage are considered by this case study (refer back to Figure 1 “Stages of a 
Generic Biomass-Based Renewable Energy System,” page 9); due to data availability. 
4.2 Data Sources 
Information required for this application can be grouped as: A) Data for calculation of the 
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energy that is produced (or moved) across the stages of the production systems, and B) Data for 
cost-estimation of physical assets at each system stage. However, in the words of Ross (2000): 
“There are few well-documented full-scale bioenergy systems in operation... Data 
regarding local biomass fuel markets do exist, however, but they are restricted 
geographically and the prices and flows are sometimes not statistically recorded. This 
causes problems for econometric analyses of biomass fuel markets and until today there 
is a lacuna concerning this genre of empirical analyses.” 
In accordance with Roos, this research confirms the lack of publicly available data 
regarding the cost structure of projects in renewable energy. In the particular case of Brazil, there 
seem to be two factors constantly presenting difficulties in obtaining such information: 1) 
Investors wish to keep costs hidden as a way of creating entrance barriers to new investors; 2) 
Companies involved with the project-design have a non-disclosure policy for non-investors. 
Nonetheless, some sparse information about capital costs in the Brazilian ethanol industry 
is available, thanks to two recently published costs-surveys. Accordingly, data used for the 
application of the model and econometrical approaches performed here originate from these two 
sources: 1) The Brazilian Development Bank; and 2) PECEGE (2009). 
The Brazilian Development Bank is a federal company linked to the Brazilian Ministry of 
Development, Industry, and Foreign Trade. Its goal is “to provide long-term financing aimed at 
enhancing Brazil’s development, and, therefore, improving the competitiveness of the Brazilian 
economy” (BNDES, 2010). It is the second largest development bank in the world. The recent 
increase of the Brazilian domestic-ethanol demand has necessitated the expansion of its 
sugarcane-based renewable energy industry. This growth has required intensification of 
corresponding investments for expansion of the industrial sector, which led to a substantial 
increase in demand for resources from The Brazilian Development Bank. Therefore, cost data 
provided by this institution was adopted as proxy for new projects in biomass-based energy, by 
this work. 
PECEGE is a research group in economics and agribusiness-management, linked to the 
“University of Sao Paulo,” Brazil. PECEGE (2009) presented a study sampling 32 biomass-
based Processing Units in varying locations of Brazil. They also conducted 16 panels with 
producers and technicians in the industry to collect data for research in the sector. Their work 
provides valuable insights into the Brazilian renewable energy industry. For this work, their 
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study provides data for many of the parameters of our assessing-model. Other governmental 
agencies and companies linked to the Brazilian energy industry (CEC, Orplana, and Dedini) 
contributed with a minor fraction of the parametrical data. 
4.3 Empirical Application 
Brazilian ethanol production currently relies on first-generation technologies that 
transform the sucrose content of the biomass through fermentative processes (Figure 14). The 
system involves either burning and cutting the biomass manually, or mechanically harvesting it 
as a wet material and transporting it to a Processing Unit for crushing and fermentation. Later the 
derived fuel can be stored in tanks or transported to consumers through trucks, railroads, 
pipelines, or other transportation modals. 
Figure 14. Brazil: Simplified Scheme of the Ethanol Production Chain 
 
Source: Embrapa - Empresa Brasileira de Pesqusia Agropecuaria (2010). 
Because the production chain fits well into the set of stages adopted by the proposed 
assessment model, little further abstraction is needed. Hence, let us proceed to the application of 
the mathematical construction. 
In order to explore the Brazilian system, three regions were defined, following the 
reasoning first proposed by Pecege (2009): 1) The Brazilian “Northeast” (Pernambuco and 
Alagoas); 2) The Brazilian “South-Central” - or “traditional” region - (East São Paulo, Santa 
Catarina, and Rio de Janeiro); and 3) The Brazilian-Central - or “expansion” region - (Mato 
Grosso do Sul, Minas Gerais and Western São Paulo). For illustration, please see Figure 15, and 
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Figure 16, below. 
Figure 15. Case Study A: Ethanol Production Clusters Outlined for Comparative Analysis 
 
Data Source: Mapas Interativos IBGE, 2009; Planned Sugarcane Processing Units in Brazil, n.d.; Relação das 
Unidades Produtoras Cadastradas no Departamento da Cana-de-Açúcar e Agroenergia, 2009. 
Note: As of march 2009, there are 340 ethanol plants operating in Brazil; an aggregated crushing capacity of 
approximately 550 million metric tons of sugarcane per year. 
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Figure 16. Case Study A: Close-Up on Clusters Outlined for Comparative Analysis 
 
Source: Pecege (2009). 
This division results from the particular set of characteristics for each these clusters, 
affecting the proposed asset-utilization measuring methodology. Each region has its own 
proportions of land owned by the Processing Unit to land managed by contracted suppliers 
(Figure 17, below, shows how this proportion changes throughout Brazil). Each region also has 
distinct lengths for harvest seasons for the primary biomass-input (sugarcane), affecting how 
long the system can operate during the year. Throughout the center-south Brazil, sugarcane 
harvesting usually starts between March and April running until the end of November to early 
December. In the Northeast, it is held between August-September to March-April. 
Differences regarding the proportion of mechanical to manual harvesting, or in other 
words, the technological level adopted, are also present. The type of harvesting-technology can 
influence total cost of physical assets (and overall asset-performance) by affecting asset-
requirements for production (as farmlands, harvesters, distillation tanks, and other equipment and 
machines). If the sugarcane delivered to the processing plant is burned and manually cropped, for 
instance, it only contains around 75% of the original mass (Da Rosa, 2009), as the stalks are 
 51 
separated from the leaves (which are burned) and roots, reducing the need for transportation and 
processing equipment. On the other hand, mechanical harvesters minimize loss of sugar-content 
of the biomass, allowing higher conversion-efficiency. 
Figure 17. Case Study A: Sugarcane Origin across Different Brazilian States 
 
Data Source: Brazil, Mapa/ACS (2009). 
Due to these distinctions, the three defined-regions are considered independently, as to 
provide a holistic picture of the levels of physical-assets utilization across the Brazilian biomass-
based renewable energy industry. 
Table 2 features key differences between clusters. 
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Table 2. Case Study A: Defining Features of the Considered Industrial Clusters 
 
4.3.1 Stage 03 - The Processing Unit 
The parameters presented on Table 2 are herein adopted for the mathematical modeling 
of the energy-output. Regarding energy-conversion at the Processing Unit, sugarcane is washed, 
chopped, and shredded by revolving knives. The shredded mass is mixed with water and crushed 
between rollers. The sugar-content of the resulting juice is defined by the Total Recoverable 
Sugar of the crushed biomass. For ethanol production, TRS determines the coefficient K - the 
quantity of fuel that can be obtained from the raw-energy material. Each studied region presents 
a particular proportion of TRS within its biomass-input, as shown on Table 3. 
Table 3. Case Study A, Stage 03 - Parameters for Modeling Energy-Output & Asset-Costs 
Variable Traditional Expansion Northeast Data Source
TRS [kg/ton] 142.77 144.93 137.50 CTC / Sindaçúcar-Al
K [liters/ton] 80.66 81.88 77.68 Brazil: Mapa/ACS, 2009
Olhv [GJ/liter] 0.0211 0.0211 0.0211 ORNL, 2009
PTimeinOperation [#days/yr] 226 200 167 Pecege, 2009 (pg. 99)
PFractionTime [percentage] 0.84 0.85 0.78 Pecege, 2009 (pg. 99)
PDailyCapacity [tons/day] 10,825 11,556 10,305 Model/Calculation
IndustCostTon [USD/ton] 57.14 57.14 57.14 BNDES, 2009
 
Values modeled for a 2 million metric tons crushing capacity for sugarcane at the Traditional and Expansion region 
and a crushing capacity of 1.1 million metric tons for the northeasst region. 
K is calculated assuming that each liter of ethanol produced required 1.77 kg of ATR (CTC, 2009) 
As the enterprises only make use of sugarcane-based conversion technology, this work considers Low Heating Value 
for ethanol-fuel as 21.1 MJ per Liter for Ethanol. 
Traditional Expansion Northeast
Reception, Preparation and 
Grinding
1 line of milling of 11,000 Tons 
of Cane per Day
1 line of milling of 11,000 Tons 
of Cane per Day
1 line of milling of 8,500 Tons of 
Cane per Day
Treatment Broth 2 lines 2 lines 1 line 
Steam Generation
3 boilers 80 t / h 
and 21 bar
2 boilers 150 t / h 
and 45 bar
4 boilers 50 t / h 
and 21 bar
Generation and Energy 
Distribution
3 generators 
of 5 MW
2 generators 
of 15 MW
3 generators 
of 4 MW
Distillery (including 
fermentation)
2 lines of 200 m³ / day (1 
cyclohexane)
2 lines of 200 m³ / day (1 
ciclohenaxo)
2 lines of 100 m³ / day (2 
cyclohexane)
Fermentation Tanks 4 x 10,000 m³ 4 x 10,000 m³ 4 x 3,000 m³
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From these assumptions, Table 4, below, presents the total energy output modeled for a 
typical processing unit within each studied cluster. For estimation of physical-assets, the 
industrial cost of US $57.14 per metric ton of sugarcane (for crushing) was considered, 
according to data from BNDES (see appendix A). 
Table 4. Case Study A, Stage 03 - Results: Energy Output, Asset-Costs & Energy-Turn 
Variable Traditional Expansion Northeast Data Source
E(s=3) [GJ] 3,497,393 3,394,044 2,188,896 Model/Calculation
A(s=3) [USD] 117,419,043 112,251,016 76,305,099 Pecege/BNDES/CTC
ET(s=3) [MJ/USD] 29.79 30.24 28.69 Model/Calculation
 
Note: Please note that the crushing capacities are different for each cluster. Refer to Table 2 for such distinction. 
Note: “The typical plant cost approximately USD 150 million and requires a nearby sugarcane plantation of 30,000 
hectares” (Goldemberg, 2008). 
Cost and quantities data defining physical assets for each production-cluster are listed on 
Appendix A. Figure 18, below, summarizes this data. 
Figure 18. Case Study A: Cost Structure of a Typical Ethanol Processing Unit in Brazil 
 
Data Source: Dedini; Private Communications. 
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4.3.2 Stage 01 - Raw Energy-Materials 
Table 5 presents parameters related to the production of biomass for which the 
Processing Unit is responsible, as well as variables defining production by contacted suppliers.  
Table 5. Case Study A, Stage 01 - Parameters for Modeling Energy & Asset-Costs 
Variable Traditional Expansion Northeast Data Source
POwnArea [ha] 17,638 20,943 12,628 Pecege, 2009 (pg. 136)
PYield [tons/ha] 84.70 81.30 71.10 Pecege, 2009 (pg. 136)
PHarvEff [percentage] 0.87 0.85 0.83 IBGE, 2009
PMec [pecentage] 0.45 0.35 0.00 Pecege, 2009
RAvgArea [ha] 160 276 180 IBGE, 2009
RAvgYield [tons/ha] 83.6 84.0 56.8 IBGE, 2009
RAvgHarvEff [percentage] 0.92 0.87 0.80 IBGE, 2009
RAvgMec [percentage] 0.45 0.35 0.00 Pecege, 2009 (pg. 136)
 
Through this information, and through the use of equations (3.9) and (3.6); iPProduction  
and iRProduction can be calculated. Similarly, through equation (3.7), the number of associated 
suppliers (n) can also be modeled. In addition, the total energy that flows through the first stage 
of the production system can also be calculated. From the information about physical assets from 
PECEGE (2009), presented on Appendix A, the cost of physical assets within this stage can be 
calculated. The results, including the energy turnover, are presented on Table 6. 
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Table 6. Case Study A, Stage 01 - Results: Energy Output, Asset-Costs & Energy-Turn 
 
 
4.3.3 Stage 02 - Pre-Conversion Transport 
Table 7 summarizes the data used for modeling energy-output, as well as for the 
estimation of the total costs of physical assets (based Pecege, 2009 - see Appendix A). It also 
presents the energy turnover for the stage. 
Table 7. Case Study A, Stage 02 - Parameters & Results: Energy Output, Asset-Costs & ET 
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4.3.4 Stage 04 - Storage 
The following parameters are used by the model for calculating asset use efficiency at the 
storage level. For estimation of total cost of physical assets, the value of USD 80.4 was adopted 
for calculation (based on 2008) . 
Table 8. Case Study A, Stage 04 - Parameters & Results: Energy Output, Asset-Costs & ET 
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4.4 Results 
Table 9. Case Study A, System-Results: Energy Output, Asset-Costs & Energy-Turn 
 
4.5 Discussion 
Figure 19. Case Study A: Summary/Comparison of Results 
 
Notes: 
 The values are energy-turns in megajoules per USD. Higher values are highlited (black). 
Within the same column, the plus sign symbolizes relative higher energy output  or cost of assets. 
Stage 05 does not present values for the energy-turnover, but due to the order of magnetude of other known 
parameters, the traditional cluster will present higher asset-performance. 
Figure 19, above, summarizes the results in terms of asset efficiency across the 
considered clusters. Curiously, the three systems display close overall energy turnover. The 
result match economical expectation that the systems must be able to coexist when exposed to 
the same market pressures. 
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Figure 20. Case Study A, Results: Asset Participation, (Relative to the considered system) 
 
Note: Only the stages 01 to 04 have been considered for this case study. 
Figure 21. Case Study A, Results: Total Assets within each Stage in USD 
 
It would seem counter-intuitive that the Northeast cluster exhibits levels of capital 
utilization that would indicate similarity with the levels verified for the Traditional or Expansion 
clusters. Especially when it known that: 
“Economies of scale have been shown to exist in construction costs of ethanol 
plants” (Gallagher, Brubaker and Shapouri; Bullock). 
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Several elements provide explanation for such an argument; the Northeast energy 
systems are smaller, and, thus, not ex-ante expected to benefit from economies of scale. The 
Northeast region also presents the lowest productivity rating.  In additional, the lower capital also 
results in relatively lower yields and higher numbers of contracted suppliers. On the other hand, 
several elements sustain higher levels of capital efficiency: the system makes use of manual 
labor that is not reflected in the energy-turn, it benefits from utilizing cheaper croplands for 
production, and, regional production does not have many alternatives for production.  
The Expansion and Traditional regions feature higher TRS for the harvested biomass 
(total recoverable sugars that are used for ethanol production), higher yields, and newer 
conversion technologies (which allow higher efficiency of energy conversion). There is a need 
for mechanization of the harvest in the Mid-South because of enforcement of environmental laws 
restricts the burning of sugar cane. It would be expected that the Traditional would make a more 
efficient use of assets. The expansion region has assets requirements associated with farming in 
the region of expansion, justified by the intensification of operations for soil preparation and 
planting. These operations are necessary because of the predominance of land to pasture or not 
yet exploited by agriculture. 
Ultimately, the results indicate that the enterprises are able to compete under the same set 
of market pressures. This seems reasonable, given that the Brazilian ethanol sector has been 
made highly competitive since the deregulation of the sector during the 90’s, as explained by its 
historic (Marjotta-Maistro, 2002; Shikida, MORAES, & Alves, n.d.; Watanabe, 2001). Due to 
the Brazilian ethanol-market deregulation that succeeded the end of the Brazilian Proálcool 
Program, it was expected that only the ethanol enterprises that were highly competitive would be 
able to sustain operation. The results match this expectation, as the production clusters display 
very similar capital efficiency, despite the regional differences that were expected to contribute 
to highly different overall asset performance.  
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CHAPTER 5: CASE STUDY B: FLEX-MILL IN MATO GROSSO 
5.1 Introduction 
With 348,788 square miles, Mato Grosso is the third largest Brazilian state. Located in 
the center-region of Brazil, it is a key grain producer, thanks to its extensive farmlands and high 
performance of its crops - corn (Zea mays L.), and soybeans (Glycine max). In addition, it is a 
growing producer of sugarcane (Saccharum spp.). Figure 22, below, presents a choropleth map 
of the Brazilian sugarcane production during 2008/09 when 1.83 million hectares were cultivated 
with the crop (Brazil, Mapa/ACS, 2009). 
Figure 22. Case Study B: Mato Grosso, Brazil - Choropleth Map of Sugarcane Production 
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Mato Grosso produces about 850 million liters of ethanol per year, about 5% of the total 
Brazilian output (Brazil, 2007). The local (in-state) market consumes 20% of its own production, 
while the remaining product is exported up to 2,000 kilometers to more densely populated areas. 
The Brazilian ethanol industry uses first-generation conversion technologies to produce the fuel, 
based on fermentation of the sugar-rich extracts of crushed biomass, whereas ethanol producers 
traditionally rely exclusively on sugarcane as their raw energy-material. Due to this restriction, 
production is completely dependent upon sugarcane-seasonality (see Figure 23). For this reason, 
lately the Brazilian ethanol R&D has been considering “flex-mill” ethanol technologies - capable 
of switching inputs from sugarcane to corn, enabling uninterruptedly production. 
5.1.1 Motivation 
The flex-mill concept (see Signorini, Goldsmith, Martines, Guimaraes, & Rasmussen, 
2008) extends the operational window of the system by introducing maize as an alternative input 
once the sugarcane harvest-season is over. Theoretically, increasing this period allows the 
Processing Unit to operate closer to its full capacity, thereby increasing the asset-use efficiency 
of the system. Regionally, it is a common practice for corn to be used in crop rotation with 
soybeans, especially as the two crops can be grown within the same harvest-year. For this reason, 
Mato Grosso has a yearly output of over 7 million tons of corn (CONAB, 2009). Despite its 
potential, however, the state struggles with problematic base prices for the grain, a consequence 
of the logistical and infrastructural challenges it faces (see Appendix A). 
Figure 23. Case Study B: Mato Grosso, Brazil - Agricultural Calendar 
 
Data Source:(Brazil, 2009b, 2009c, 2009e). 
Note: H = Harvest Season / I = Interharvest period / S = Seeding Period. 
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The idle period reduces the asset turns of the Processing Units, resulting in two key 
effects: 1) reduced productivity levels and, 2) disincentive to employ new technologies (a more 
modern capital plant for instance). Plants close when feedstock availability and quality declines. 
At the same time, ethanol prices begin to rise. The capital plant, the capacity, and level of 
technology, match the level of available feedstock supply. 
If the season could be lengthened, then the capital costs would be spread over increased 
income, capital turns would increase, and greater capital investment could be warranted, hence 
the idea of the flex-mill. 
Figure 24. Case Study B: Mato Grosso, Brazil - Corn Production 
 
Data Source: IBGE. 
The possibility for adopting corn for ethanol production is supported by three elements: 
1) Similar technological pathways for conversion of these biomasses into ethanol, that could 
theoretically allow shared physical-assets (see Figure 25); 2) Overlapping croplands (see Figure 
26); and 3) Matching harvest-periods that enable corn to be used as a secondary input without 
requiring storage. 
2003 2004 2005 2006 2007 2008
Brasil Corn - 2st harvest 13.30 10.44 7.95 11.18 14.45 19.10
Brasil Corn - 1st harvest 35.03 31.35 27.16 31.48 37.66 39.83
MT Participation 7% 8% 10% 10% 12% 13%
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Figure 25. Case-Study B: Ethanol Production Pathway for Sugarcane, Corn, and Cellulose 
 
 
Figure 26. Case Study B: Mato Grosso, Brazil - Overlapping Corn & Sugarcane Croplands 
 
Data Sources: IBGE (2007). 
Note: Each letter represents one sugarcane Processing Unit that has been interviewed for this work. 
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5.1.2 Objective 
The case study presented here aims to empirically verify the ability of the asset-
utilization-measuring methodology proposed throughout Chapter Three in providing insights (or 
contributions to knowledge) relevant to economic and financial evaluation of renewable energy 
systems. As the application requires estimates of the cost-structure of the renewable-energy 
industry of Mato Grosso (Brazil), this case study is secondarily aimed to provide insights of cost-
structure of the sugarcane-based renewable energy industry there present. Therefore, estimates of 
the total cost to physical assets size relationship for ethanol processing plants in Mato Grosso are 
presented. 
Due to reliance upon empirical results, a microeconomic analysis of the business 
operations follows. This analysis provides an interpretation of results, together with multiple 
scenario-analyses. 
System dynamics modeling methods and the software tool STELLA™, from IEEE 
Systems, are used to address the complexities of the Mato Grosso ethanol industry. The proposed 
model (see Chapter 3.2, page 26) allows the creation of various spatial, size, and dynamic 
configurations involving the cane and maize supply and its movement to and processing by the 
eleven operating mills in the State. Data are provided by extensive fieldwork at the mills in Mato 
Grosso in 2007, and are supplemented with publically available secondary data. 
5.2 Data Sources 
While cost data are plentiful, sugarcane mill capital cost data in Brazil are not readily 
available. We chose to follow Nguyen and Prince (1996) and use regression analysis to estimate 
asset costs for the eleven Mato Grosso plants ranging from 13 to 270 million liters. The analysis 
was based on the costs-survey presented by Pecege (2009) and BNDES (2009). The estimates 
were validated against single plant estimates of McAloon et al. (2000) and Hassuani et al. 
(2005). Following the strategy explained in Chapter 3 for asset-costs estimation based on the 
available literature as a way to circumvent lacking data, this section applies simple linear 
regressions on the assets-cost data by PECEGE (2009) and BNDES (2009) to estimate the total 
cost of physical assets that exist within each of the enterprises herein considered. Appendix B, 
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provides the cost data that was used as the starting point for the estimations. 
Moreover, this study relies on cross-sectional data collected from direct-interviews and 
visits to farmers and managers of sugarcane-based ethanol Processing Units in Mato Grosso, 
Brazil, during the period between late 2007 and early 2008, in addition to the sources presented 
on Chapter Four (please refer back to Section 4.2, page 46). Table 10, below, features a portion 
of such collected data in order to illustrate key-differences across the considered enterprises. 
Table 10. Case Study B: Overview of the Cross-Sectional Data Collected for this Study 
Processing Plant 
ID
Operation 
Window Time
Ethanol Production
[million liters / yr]
Storage 
[cubic meters]
Yield
[tons per ha]
A 128 14 864 80.41
B 187 13 N.A. 89.46
C 198 26 10,338 89.61
D 223 164 42,137 85.30
E 212 85 7,913 81.35
F 214 271 41,592 84.93
G 128 35 596 83.99
H 197 87 17,389 80.64
I 199 100 28,284 70.88
J 181 24 1,050 77.90
K 126 21 6,507 72.90
 
Data Source: Portion of Cross-Sectional Data Collected Through Interview with Staff and Owners. 
The visited mills operated, on average, between 126 and 223 days a year in Mato Grosso 
in 2007 in the Southwest and South central regions of the State (Table 10). Thus, the mills, and 
the associated system-wide assets, are idle a significant part of the year. One plant (D) operating 
233 days on sugarcane as the feedstock, would utilize 132 days of maize supply. Another plant 
(K) operating only 126 days on sugarcane, could introduce 239 days of maize to its plant. 
5.3 Empirical Application 
In order to model the energy-output that is obtained yearly by each considered enterprise, 
as well as their underlying physical-assets that enable such energetic-flow; this Section provides 
an application of the mathematical-model suggested in Chapter Three. 
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5.3.1 Stage 03 - The Processing Unit 
In addition to the data presented in Table 10 (see above), to assess 
iPDailyCapacity
(required for cost-estimation of physical assets, as well as for energy modeling), K andO must be 
defined, as required by equation (3.4) - see Section 3.2.3.1, page 28. Regarding the energy-
conversion coefficient iK , at the Processing Unit sugarcane is washed, chopped, and shredded by 
revolving knives. The shredded mass is repeatedly mixed with water and crushed between 
rollers. The sugar-content of the extracted juice is defined by the Total Recoverable Sugar (TRS) 
of the processed biomass. For ethanol production, TRS determines K, the quantity of liquid-fuel 
obtainable from a given amount of raw energy-materials. During the 2008 / 2009 Brazilian 
sugarcane harvest, the expansion region presented 142 Kg of TRS per metric ton of crushed 
sugarcane, on average (Brazil: Mapa/ACS, 2009, p. 8). As a liter of fuel requires 1.77 kg of 
TRS
18
 (CTC, 2009), K = 80.23 liters of fuel per ton of cane.  
As the ethanol plants only make use of a single (i=1) conversion technology 
(fermentation of biomass), this work assumes 
1 21.1O   Megajoules per Liter of Ethanol
19
. 
Furthermore, PFractionTime1 was considered as 80% of the operational window time; which is 
regional average for maintenance and/or closure periods (bad weather, for instance) as shown by 
the cross-sectional data.  
From these parameters, PDailyCapacity and the energy associated with it, is calculated 
and shown in Table 11, below. Table 12 presents the total energy produced by each Processing 
Unit, as calculated through equation (3.4), as well as cost-estimation and energy-turn. For 
estimation of physical-assets, the industrial cost of USD 57.14 per metric ton of sugarcane (for 
crushing) was considered, according to data from BNDES. 
 
 
18 In fact, for the 2008/2009 Brazilian sugarcane harvest, 1.812 kg of ATR were needed per liter of anhydrous 
ethanol; 1.74 1 per liter of hydrated ethanol and 1.05 per kg of sugar. This thesis is adopting 1.77 for ethanol. 
19 Ethanol has a Low Heating Value of 21.1 MJ per liter. 
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Table 11. Case Study B, Stage 03 - Parameters for Modeling Energy-Output & Asset-Costs 
 
 
Note: The values here are exclusive for the technology i=biomass to ethanol. 
Table 12. Case Study B, Stage 03 - Results: Energy Output, Asset-Costs & Energy-Turn 
 
 
Note: Information for cost estimation of physical assets for this case study can be found on Appendix C. 
5.3.2 Stage 01 - Raw Energy-Materials 
The raw energy-material (biomass) that each processing unit crushes on a yearly basis 
can be grouped by its origin: 1) Inputs that provided by contracted suppliers; and 2) Biomass 
produced by the Processing Unit itself. 
As previously illustrated by Figure 17, page 51, sugarcane processing-plants are 
responsible for 80% of the total biomass-inputs that is processed, in the state of Mato Grosso, on 
average. Based on this assumption, Figure 27 models the expected proportions for each 
enterprise. 
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Figure 27. Case Study B, Stage 01 - Modeled Origin of Raw Energy-Material/Inputs 
 
Following the data available from Brazil: Mapa/ACS (2009), this work assumes
1 84RAvgYield  tons per hectare for Mato Grosso. Harvest efficiencies are derived from Brazil 
(2010) as 0.87RAvgHarvEff  . The yield and harvest-efficiency assumptions are derived from 
the assumption of 0.35RAvgMec . Pecege (2009) provides data regarding average farm-size in 
Mato Grosso 276iRAvgFarmArea  hectares. 
Through this assumptions, and information presented on Table 10 (page 65), with 
equations (3.6), (3.7), and (3.9), iPProduction , iRProduction , and the number of suppliers can 
be modeled. Additionally, through these parameters, the total energy of this stage can be 
calculated, as well as the total cost of physical assets and energy turnover. 
These results are presented on Table 13, below. Table 14, summarizes the data used for 
modeling energy output and asset-costs. 
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Table 13. Case Study B, Stage 01 - Parameters & Results: Energy Output, Asset-Cost & ET 
 
   
5.3.3 Stage 02 - Pre-Conversion Transport 
Table 14. Case Study B, Stage 02 - Parameters & Results: Energy Output, Asset-Cost & ET 
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5.3.4 Stage 04 - Storage 
At the storage level, for cost of physical assets estimation, the value of USD 80.4 per 
cubic meter of storage was adopted following Xavier (2008). The underlying assumptions also 
include Qlosses = 0.025 (2.5% of the energy of the stored fuel). 
Table 15. Case Study B, Stage 04 - Parameters & Results: Energy Output, Asset-Cost & ET 
 
 
Note: Enterprise “B” does not have storage facilities. 
5.4 Results & Discussion 
5.4.1 The Present Level of Asset Utilization Efficiency 
The sugarcane plants currently generate between 266 thousand and 3.6 million gigajoules 
per year on assets ranging from $15 to $325 million of plant capital (see Table 16, below). The 
asset turns vary significantly as ethanol yield per ton of sugarcane and days of operation per year 
fluctuate across the Processing Units. The least efficient plant (K) produces 15 Megajoules per 
US $1 of capital, while the more efficient users of capital operate at 19 Megajoules per US $1. 
It is important to remember that there is a deterministic element in our estimated 
relationship between plant size and asset turns. A regression parameter was used to estimate the 
capital costs associated with each size plant in Mato Grosso. 
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Table 16. Case Study B, System-Results: Energy Output, Asset-Costs & Energy-Turn 
 
 
Note: For enterprise B, stage 4 (storage) is not being considered. 
5.4.2 The Introduction of Flex-Fuel Technology and its Impacts 
The following sensitivity analysis illustrates how measurements of asset utilization may 
be successfully used for the business evaluation of renewable energy projects. This Section 
assumes that the considered energy system may adapt its physical assets to other inputs when the 
main raw energy-material is unavailable. 
Following Signorini (2007), this work assumes maize processing efficiency level of 0.55. 
In other words, per ton of raw biomass, the Processing Plant will yield 55% of the ethanol output 
when compared with sugarcane as a biomass-input. Sugarcane yields about 85 liters of ethanol 
per metric ton compared with about 400 for maize. However, sugarcane moves through the 
capital plant relatively quickly, in about seven hours, compared with about 50 hours for maize. 
Cane is less dense than maize because of its high water content, but has significantly 
higher throughput because of its readily available sugars. For example, assuming that sugarcane 
ferments five times faster than maize, the fermentation time ratio would be 0.5. If the yield ratio 
of maize to cane were four, then the rate of ethanol production for the mill when maize is the 
feedstock would be 80% of the output when cane is the feedstock. Sugarcane mill assets turn 
faster than a dry maize mill because of the longer time for maize fermentation. 
Table 17 presents the modeled increase in energy output obtained by the introduction of 
corn as a secondary raw energy-input. 
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Table 17. Case Study B: Impacts on Energy Output by the Use of Flex-Fuel Technology 
 
Ethanol production increases 43% in Mato Grosso by the introduction of maize during 
the idle season, resulting in an increase of additional 346 million liters of ethanol (Table 18). 
Table 18. Case Study B: Modeled Increases in Ethanol Output due to Introduction of Corn 
 
 
The average enterprise would increase ethanol production by 31 million liters. The 
leading plant could increase ethanol production 109% under a flex-mill configuration. Maize is 
currently not used as a feedstock in sugarcane facilities. Introducing maize into a sugarcane 
facility requires at least two new sets of assets. First, would be the grain handling and hammer 
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mill (pre-processing) equipment, which would add 10% to the capital cost (Singh, 1998). The 
second would be a doubling of the fermentation equipment capacity due to the longer steeping 
times of maize versus sugarcane (Singh, 1998). This would add 16% to the capital cost (Nguyen 
& Prince, 1996). Maize fermentation requires different and more expensive fermentation 
bacteria. Total operating costs would rise, but capital costs would be unaffected (Singh, 2008). 
Therefore, let us assume that introducing maize would raise capital costs 25%. Due to the 
inability to infer about the costs of adapting the current sugarcane mills, Table 19 models the 
energy turn for different scenarios of capital configurations. 
Table 19. Case Study B, Sensitivity Analysis: Impacts of Varying Expansion Costs on ETs 
 
Note: Highlighted areas reflect capital cost levels that reduce asset use efficiency. 
Not surprisingly, maize-related capital costs benefit those plants that have the shortest 
operating seasons. Plants A, G, and K could invest their asset base up to 100% when introducing 
maize and still improve their overall asset use efficiency (Table 19). For the other enterprises, if 
capital costs were 50% or greater it generally would not payoff for the plants to adopt the “Flex-
fuel” technology. Instead, increasing maize usage efficiency would allow for greater investment 
in maize-related capital.  
Though not addressed here, the assets underlying the shipment portion of the feedstock 
from the farm to the plant will see higher asset turns when they can be used for both sugarcane 
and maize transport. In addition, Mato Grosso already has an excess supply of ethanol, thus all 
additional production would be exported. This would require greater levels of transportation 
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assets, or, as has been discussed, this might provide a sufficient quantity to make the building of 
an ethanol pipeline feasible. Currently, mills in Mato Grosso maintain no feedstock storage. And, 
systems where maize is utilized require additional storage and transport assets post production. 
Maize harvest occurs in June while the sugarcane harvest ends in December, causing the system 
to require infrastructure to store maize for six months. These additional costs have not been 
considered.  
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CHAPTER 6: COMPARISON OF ENERGY SYSTEMS 
This Chapter offers a comparison of selected energy systems in terms of the asset 
utilization efficiency they present, as measured by the methodology proposed by this work.  
6.1 Introduction & Objective 
In order to provide an application of the asset-efficiency measuring methodology 
proposed in Chapter Three (and later applied to case studies focused on the Brazilian biomass-
based renewable energy industry), this chapter aims to extend such application to comparative 
analysis of the efficiency across different types of energy systems (inter-systems analysis). 
This Chapter aims to test the ability of the generic model presented on Chapter Three to 
support comparison of energy systems in terms of the asset performance they present, despite the 
production technology they adopt. In order to conduct such evaluation, a comparison is 
performed for several selected renewable energy systems
20
. 
6.2 Data 
This Chapter relies on data provided from a variety of consulting groups (Navigant 
Consulting, 2007), governmental agencies and private research groups. 
 
 
 
 
20 Definitions, data, and estimates presented on this Section come from the work of Navigant Consulting (2007). 
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Table 20. Case Study C: Data Sources and Assumptions 
 
Data Source: Most of the information presented on this table comes from (Navigant Consulting, 2007). 
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Table 21. Case Study C: Data Sources and Assumptions 
 
Data Source: Most of the information presented on this table comes from (Navigant Consulting, 2007). 
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6.3 Brief Description of the Considered Technologies 
Biomass (Food-Waste), Anaerobic Digestion, Biogas: An anaerobic-digester that process food-
waste for generation of electricity and heat through biogas produced through 
anaerobic fermentation. 
Biomass (Dairy), Anaerobic Digestion, Biogas: An anaerobic-digester that processes dairy-
manure for generation of electricity and heat. An anaerobic digester treats dairy 
manure to produce biogas that can be used to produce electricity, heat, and 
bio‐solids. Anaerobic Digestion Power Production with an Internal Combustion 
Engine is an established technology. 
Biomass, Biogas - Landfill Gas Fuel to Energy: A landfill gas fuel to energy utilizes the biogas 
produced by decomposing organic-waste in landfills to power an electricity 
generator. Since most applications use an internal combustion engine, these cost 
estimates assume a power‐only internal combustion engine. 
Biomass, Biogas - Waste Water Treatment Fuel to Energy: A wastewater treatment fuel to 
energy facility utilizes the biogas produced by decomposing organic waste in a 
wastewater treatment facility to power an electricity generator and produce heat. 
Biomass, Combustion - Stoker Boiler: Biomass is combusted in a boiler that generates steam to 
drive turbine. In a stoker boiler, biomass is added in a thin layer on a grate near 
the bottom of the boiler, providing a even distribution of the material; 
Biomass, Combustion - Fluidized-Bed Boiler: Biomass is combusted in a boiler that generates 
the steam that drives a steam turbine. In a fluidized‐bed boiler, combustors burn 
biomass fuel in a bed of hot granular material. Air is injected at a high‐rate 
underneath the bed to create the appearance of a boiling liquid; 
Biomass, Gasification Combined Cycle Gasification: Biomass is gasified to produce a gas that 
fuels a combined-cycle power-generation facility;  
Protovotaic PV: Photovoltaic (PVs) are arrays of cells containing a solar photovoltaic material 
that converts solar radiation into direct current electricity. Once a PV system is 
installed, it will produce electricity for no further cost until the inverter needs 
replacing. Solar electricity is not available at night and is less available in cloudy 
weather conditions from conventional photovoltaic technologies. Therefore, a 
storage or complementary power system is required. This is why many buildings 
with photovoltaic arrays are tied into the power grid; the grid absorbs excess 
electricity generated throughout the day, and provides electricity in the evening;  
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Hydro: A hydropower facility captures the energy of falling water to generate electricity;  
Concentrating Solar - CPV: Concentrator Photovoltaic (CPV) use lenses or reflective collectors 
to focus solar energy (typically > 100 suns) on a reduced area of solar cell 
material that is more efficient; 
Concentrating Solar - Dish Engine: Concentrator collects and concentrates the sun’s heat onto a 
receiver, which absorbs the heat and transfers it to fluid within the engine. The 
heat causes the fluid to expand against a piston or turbine to produce mechanical 
power. The mechanical power is then used to run a generator or alternator to 
produce electricity (11.National Renewable Energy Laboratory web site, March 
2007.); 
Photovoltaic: converts solar energy falling on a PV module into usable electrical energy; 
Wave Energy: devices to convert wave-motion to electricity; 
Fuel Cells: convert hydrogen or a hydrogen-rich gas directly to electricity; 
Nuclear: Nuclear power is the controlled use of nuclear reactions for electricity-generation. 
6.4 Results 
Table 22. Case Study C, Results: Comparison of Capital Cost and Energy Turns 
 
Data Source: (Capehart, 2007; Field et al., 2008; Navigant Consulting, 2007). Economic Assumptions for Year of 
Installation (2006). 
 
 80 
Figure 28. Case Study C, Results: Comparison of the Energy Systems in terms of ET 
 
Data Source: (Capehart, 2007; Field et al., 2008; Navigant Consulting, 2007)  
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CHAPTER 7: DISCUSSION & CONCLUSION 
This Chapter presents the conclusion of this work, its contributions to knowledge and 
identified limitations. It also presents suggestions for future research. 
7.1 Discussion 
The empirical assessments conducted provide evidences suggesting measurements of 
physical assets utilization as useful indicators to support business evaluation of projects in 
renewable energy. The results of Chapters Four and Five match ex-ante expectations based on 
microeconomic theory. In that sense, Chapter Four presents levels of energy-turnover across the 
different systems with low variance. Due to the Brazilian ethanol-market deregulation that 
succeeded the end of the Brazilian Proálcool Program, it was expected that only the ethanol 
enterprises that were highly competitive would be able to sustain operation (see Marjotta-
Maistro, 2002; Shikida et al., n.d.; Watanabe, 2001). The results match this expectation, as the 
production clusters display very similar capital efficiency, despite the regional differences that 
were expected to otherwise contribute to highly different overall asset performance. Chapter Five 
shows that the proposed capital-measurement can be used for designing scenarios for analysis of 
impacts in the performance of the production system triggered by technological changes. 
Interestingly, Chapter Six provides counter-intuitive results. Perhaps the reason for such 
low performances in the assessment of biomass-systems performed in Chapter Six lies in the 
non-consideration of by and coproducts. Many types of renewable energy systems are becoming 
less focused on energy production. Common within the core of renewable energy-systems is 
coproduction of a variety of products. In the case of biomass-based energy systems, bio-
refineries are “complex facilities that are able to process biomass through integrated conversion 
technologies that can coproduce transportation-fuels, heat, power, and chemicals” (see Edye, 
Doherty, Blinco, & Bullock, 2006). For the Brazilian ethanol production, besides anhydrous and 
hydrated ethanol, the Processing Units are increasingly involved with a large range of products 
such as beverages, cosmetics, plastics, paper, and animal feed, to name a few. 
These facilities can be understood as equivalents to oil refineries, which produce fuels 
while simultaneously deriving numerous other products from petroleum. Although partial bio-
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refineries can be found in some businesses settings, full bio-refineries are much more common, 
as they can utilize the natural complexity and diversity of resources available to maximize 
derived end-value, by combining multiple conversion technologies. “For example, bio-refineries 
can coproduce low volume, but high value, chemicals and low value, but high volume, fuels for 
transport, as well as generating power and heat” (McCormick, 2005, p. 5). 
Take the case of byproducts utilization as inputs for energy production; some Renewable 
Energy Systems can make use of cheap low-energy byproducts locally available as inputs for 
energy production. They have an advantage over dedicated resources due to their lower costs, as 
high energy-output can be obtained even when energy density is low. Applied to comparative 
energy analysis, systems employing high-energy inputs may make more efficient use of their 
assets than those with lower energy density (see Figure 29). 
Figure 29. Discussion: The Intensiveness and Specialization of Energy Systems 
 
Source: Goldsmith et al., 2009. 
“For renewable energy systems, this interplay of costs and total assets is critical 
like the interrelationship between retail product margin and real estate assets. Ceteris 
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paribus, dedicated resources are more costly and demand higher asset specificity than 
by-products. Higher asset specificity leads to higher risk. The more dedicated and non-
fungible a resource is, the higher its associated risk presents” (Goldsmith et al., 2009). 
Through this reasoning, if we compare renewable energy systems with the dedicated 
infrastructure, technology, and market arrangement of the traditional energy industry, we might 
have why “for a biomass-based energy business, integration with another industry, e.g. a forest 
industry or a food industry, is often one basic condition for success” (Roos, 2000, p. 3). 
The Brazilian sugarcane industry is considered by some authors as “one of the most 
efficient systems for the conversion of photosynthate into different forms of energy” (Matsuoka et 
al., 2009). Photosyntetically, sugarcane is among the most efficient plants. This tropical C4 plant 
is able to convert 0.38% of incident solar energy into biomass (Da Rosa, 2005). The results 
show, however, that other renewable energy systems present high asset performance, contrasting 
with the literature and with expectations. At least one explanation can be offered as to the reason 
behind the low performance of biomass-based energy systems: many of the new ethanol 
processing plants are also multifunctional, with a fraction of the starch producing capacity 
devoted to sugar production. Future research must be able to capture the array of byproducts and 
co-products produced into the computation of asset utilization. These byproducts should be 
incorporated into the model design. If they are not considered, this could lead to biased 
assessment, as they represent an important component of the biofuel industry revenues. In 
addition, the efficiency of biomass based renewable energy systems are forecast to increase in 
the future, due to advances in crop-breeding and technological advances (Figure 30). 
Regarding improvements to the production chain, in the last 10 years, the new sugarcane 
varieties extended the harvest period. “It is estimated that sugarcane breeding can contribute 
significantly to realize the predicted 9,000 l/ha alcohol production for the next decade” 
(Matsuoka et al., 2009). See Figure 31, below. At present, 74 tons of raw sugarcane is annually 
produced per hectare in Brazil. 
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Figure 30. Energy Retrievable from Selected Biomasses due to Technological Advances 
 
Source: Moreira (2006). 
Note: The long term is defined as 2020. 
Figure 31. Brazil: Evolution of the Total Recoverable Sugar per Metric Ton of Sugarcane 
 
Data Source: (Brazil: Mapa/ACS, 2009, p. 16) 
Note: The increase of the index total recoverable sugar has been significant, 1.5% per year since 1975. 
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The increase of the index total recoverable sugar from sugarcane has been very 
significant, 1.5% per year since 1975. The development of high-yielding sugarcane varieties 
adapted to different environments along the country remains a major challenge to breeders 
(Matsuoka et al., 2009, p. 376). Still, since the beginning of Proálcool, ethanol yield has grown 
from 2,500 to 7,000 liter per hectare. 
7.2 Summary of Contributions 
It was ex-ante expected that such an approach would allow for the identification of 
bottlenecks and challenges that reduce efficient use of assets, by comparing the elements within 
the production chain or by comparison to the industry observed standards. 
1) The specific process of building propositions in this study, along with the collection and 
analysis of data, and interpretation of results to test these propositions, provides particular 
guidance for future research efforts. 
2) This thesis demonstrated that measurements of capital utilization could be useful for 
providing a clearer picture of renewable energy projects within the context of appraising 
renewable energy projects. 
3) This thesis provided an overview of the Brazilian sugarcane based renewable energy system. 
It also provided basis for the discussion of Mato Grosso’s corn for ethanol production. 
7.3 Limitations of this Research 
Many of the factors that complicate modeling of renewable energy systems had been 
presented by Roos and Rakos (2000). Energy densities can vary significantly across locations 
even for the same sources, for example (Graf & Koehler, 2002). These variations can affect 
results in terms of energy and required physical assets. For biomass-based energy systems, for 
example, the energy content of the biomass may change due to genetic and environmental 
elements. For this reason, the case studies results should only be considered together with the 
assumptions they present.  
Nonetheless, modeling the production chain of relatively new technologies like 
renewable energy is a difficult task and a conflict between simplicity and realism should be 
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expected. Energy models tend to lose credibility if they are too complex. In the words of Krajnc 
and Domac (2007): 
“Transparency and rigor are always necessary in modeling, but modelers are 
confronted with factors that cannot or are very difficult to be included in the model”  
Additionally, the modeling of elements that relate to logistics of biological systems is 
challenging due to the complex interactions between elements. To be properly executed, the 
undertaking would require detailed dataset (sometimes even including field-data). The modeling 
of physical systems involves a high level of simplification and abstraction, which can limit its 
validity and applicability. 
This thesis proposes a mathematical model specifically constructed to be adaptable to 
most (if not all) renewable energy systems. However, such an assessment was not conducted. 
Although Chapter Six presents a cross-systems application, such assessment relies upon heavily 
aggregated data. In other words, the level of detail needed to verify the ability of the proposed 
generic model in supporting business evaluation across multiple renewable energy systems has 
not been reached. 
In addition to cross sectional design, the research strategy emphasized the use of 
triangulation procedures to assure the validity of assumptions. The consistency of ideas and 
findings were corroborated by using multiple sources, methods, and investigations. However, 
results are restricted to the context of biomass-based renewable energy. 
Conflicts of interests between agents of the system also contribute to the confusion. 
Obtaining information for applying the model to case studies was made difficult by the lack of 
reliable company data. 
7.4 Suggestions for Future Research 
Future research must be able to capture the array of byproducts and co-products produced 
into the computation of asset utilization. These byproducts should be included in the model 
design. Failure to consider them could lead to bias towards inefficiency (low assets-performance) 
when comparison across systems is performed. This is especially the case when some represent 
an important component of the biofuel industry revenues. Some issues like co-products and 
byproducts have completely changed in the last decade. Therefore, a study that compares 
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behavior and situation to past realities might help to understand the dynamics of the renewable 
energy sector. 
Future research efforts must also assess the ability to generalize the proposed framework 
to other renewable energy systems besides biomass-based energy systems. A more thorough 
investigation across production systems may provide better measurements of asset utilization for 
business analysis. Similar studies conducted for other firms would provide more insights and 
could support or modify ideas proposed by the present this thesis. Additional case studies would 
greatly contribute to such exploration. 
It was beyond the objective of this study to collect additional data from other firms and/or 
industries. An additional follow-up study was not considered either, mostly because the potential 
benefits were not likely to outweigh the research costs. 
Although the case studies presented throughout Chapters Four and Five give a holistic 
panorama of biomass-based energy, it would be interesting to include longitudinal approach.  
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APPENDIX A: CASE STUDY A - COST ESTIMATION DATA 
 
Source: PECEGE, 2009. 
Note: Translated from Portuguese.  
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APPENDIX B: CORN BASIS IN MATO GROSSO, BRAZIL 
 
Data Sources: 
CEPEA (Center for Advanced Studies on Applied Economics). “Agromensal.” Available at 
http://www.cepea.esalq.usp.br/agromensal/  . Accessed on October, 18, 2009.  
CONAB (National Commodities Supply Corporation). “Agricultural prices – Corn and Cassava.” 
Available at http://www.conab.gov.br/conabweb/download/indicadores/0508_Mandioca_e_Milho.pdf . 
Accessed on October, 18, 2009.  
IPEA (Institute of Applied Economic Research). “Corn Historical Prices.” Available at 
http://ipeadata.gov.br/ . Accessed on October 18, 2009.  
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APPENDIX C: CASE STUDY B - COST ESTIMATION DATA 
Table 23. Appendix C: Cost of Industrial Investments by Year Completion 
Average cost of Industrial Investments, by year of entry into operation
Year
2007
2008
2009
Average cost of Industrial Investment [in R$ per 
metric ton of processed sugarcane]
93.6
98.1
109.4
 
Source: BNDES (position 7/3/2008) 
Table 24. Appendix C: Costs for Capacities of New Sugarcane Processing Plans in Brazil 
ASSETS
 1 Million Metric 
Ton of sugarcane 
 2 Million Metric 
Tons of sugarcane 
 3 Million Metric Tons 
of sugarcane 
Biomass Reception and Extraction 38,539,389             47,665,278               55,196,087                 
Juice Treatment 7,978,662               12,724,649               13,262,027                 
Fermentation 9,426,091               18,854,667               28,290,548                 
Distillation 6,931,846               13,865,520               20,804,566                 
Storage / Shipping Ethanol 3,975,028               3,975,552                 5,607,169                   
Steam Generation 31,304,077             31,308,205               57,470,253                 
Electricity Generation 20,252,082             20,254,752               37,082,059                 
Substation lowering and lifting 9,242,462               10,352,922               13,869,711                 
Capture / Treatment / Water Cooling 6,447,857               9,883,437                 14,730,393                 
Home Utilities / Industrial Safety / General Services 4,120,829               4,565,069                 5,670,787                   
Laboratories 1,183,035               1,183,191                 1,183,549                   
Electrical and Automation 28,466,782             32,042,293               42,874,050                 
Pipe Rack & interconnection 10,797,243             14,038,267               21,603,861                 
Earthwork and Streets 2,310,615               2,310,920                 2,311,618                   
Foundations 20,795,539             25,420,121               30,051,040                 
Shipping 6,010,232               7,936,561                 11,391,582                 
Milling 25,649,501             32,545,887               47,034,966                 
Mounting electrical 12,200,049             13,732,411               18,374,593                 
Termical Insulation 2,218,191               2,662,180                 3,550,646                   
Painting 4,251,532               5,102,512                 6,805,405                   
Engineering 1,386,369               1,663,862                 2,219,154                   
Supervision / management contract 5,846,181               7,045,302                 9,415,888                   
Commissioning and commissioning 666,405                  866,441                    1,200,050                   
TOTAL 260,000,000           320,000,000             450,000,000               
 
Source: Dedini. Private Communications. 
Note: Values in BRL. 
